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Abstract 
 
 Higher alcohols produced by catalytic conversion of synthesis gas are potential octane 
enhancers for transportation fuels.  Copper-cobalt catalysts have emerged as alternatives to the 
ethanol-selective, but expensive, rhodium-based ones.  The reducibility of the catalyst and the 
CO adsorption mode are important factors in directing the selectivity of CO hydrogenation 
toward methanol, hydrocarbons, or higher alcohols.  In this study, Cu/SiO2, Co/SiO2, and 
bimetallic CuCo/SiO2 catalysts, as well as their tin-promoted analogues, were synthesized and 
characterized by TPR, in situ XRD, in situ XANES, and in situ DRIFTS.  
Cobalt addition to Cu/SiO2 created an amorphous fraction of CuO that was more easily 
reducible than crystalline CuO.  CO adsorption on copper sites, in terms of adsorption frequency 
and stability, was similar regardless of the presence or absence of cobalt.  CO adsorbed on 
copper was thermally unstable, desorbing below typical CO hydrogenation temperatures.  
Copper addition to Co/SiO2 increased reducibility of Co3O4, and to greater extent of the 
intermediate CoO, which in Co/SiO2 was less readily reduced due to interaction with the support.  
In general, linearly adsorbed CO bound more strongly to the cobalt sites of CuCo/SiO2 than of 
Co/SiO2.  Thus, on CuCo/SiO2, CO could dissociate at the same sites where it also linearly 
adsorbed, leading to increased probability of CO insertion and ethanol formation.  A second type 
of site on Co/SiO2 was responsible for direct CO dissociation, leading to high activity and 
hydrocarbon selectivity on this catalyst, as well as faster deactivation. 
The main effect of Sn addition was to increase dispersion of copper and cobalt on all the 
catalysts.  This increased the reducibility of copper species and decreased that of cobalt species.  
On CuCoSn/SiO2, copper promoted cobalt reduction, such that this catalyst was both well 
xii 
 
reduced and highly dispersed.  Sn addition increased the amount and stability of CO adsorbed on 
copper and cobalt sites of CuCoSn/SiO2 and on copper sites of CuSn/SiO2.  However, the CO 
hydrogenation activity of the Sn-promoted catalysts decreased relative to the Sn-free catalysts.  
Fischer-Tropsch type chain growth became less favorable upon Sn addition, but CO insertion 
was still favored on CuCoSn/SiO2, making this catalyst more ethanol-selective than CuCo/SiO2. 
1 
 
Chapter 1:   Introduction 
 
1.1. Research Objectives 
To study the roles of the two components in bimetallic copper-cobalt catalysts; to study 
the effect of tin addition to copper-cobalt catalysts.  Properties to be considered include 
component reducibility and dispersion, CO adsorption, activity for CO hydrogenation, and 
selectivity to ethanol and C2+ oxygenates. 
1.2. Engineering Relevance of Project 
According to International Energy Outlook 2011 
1
, published by the U.S. Energy 
Information Administration, global energy consumption is forecast to increase from 505 
quadrillion Btu in 2008 to 619 quadrillion Btu in 2020, then to 770 quadrillion Btu in 2035—an 
increase of 53% over 27 years.  Use of liquid fuels, specifically, is expected to rise from 85.7 
million barrels per day in 2008 to 97.6 in 2020 and 112.2 in 2035.  At the same time, production 
of unconventional liquid fuels is predicted to increase from 3.9 million barrels per day in 2008 to 
13.1 million barrels per day in 2035, reaching 12% of the total liquids supply at that time. 
1.3. Rationale for Studying Syngas Conversion to Ethanol and Higher Alcohols 
One strategy for producing unconventional liquid fuels is catalytic reaction of syngas 
generated by reforming of natural gas or gasification of coal or biomass.  Indeed, one advantage 
of this process is that it does not require any specific carbon feedstock 
2,3
.  Woody plants and 
grasses, which can be grown on marginal lands with little agricultural input by way of pesticides 
and fertilizers, can be used  
4,5
.  Even agricultural and forestry residues are acceptable 
6,7
.  This 
flexibility with respect to feedstock distinguishes the syngas route from, for example, 
fermentation of sugars from corn and sugar cane to yield bioethanol. 
2 
 
Syngas reactions lead to a variety of products, including CO2, methane, Fischer-Tropsch 
hydrocarbons, and oxygenates.  Of these products, the higher oxygenates (predominantly 
ethanol) are the main focus of this work.   
As an additive to gasoline, ethanol increases the octane number and reduces emissions of 
CO, hydrocarbons, and particulates 
8
.  Despite having only about 68% of the energy content of 
gasoline per unit volume 
8
, ethanol increases the combustion efficiency of the fuel due its oxygen 
content 
9,10
.  Ethanol is fully miscible with gasoline but can be extracted by small amounts of 
water, leading to phase separation and corrosion.  The presence of other higher alcohols, such as 
iso-propanol and 1-butanol, in the blend can help prevent this problem 
9
. 
Due to its ease of transportation and storage, ethanol can also serve as a hydrogen carrier.  
Reforming and/or partial oxidation of ethanol at the point of use can supply hydrogen to power a 
fuel cell 
11-17
.  For example, steam reforming can provide up to 6 moles of H2 per mole of 
ethanol.  Direct ethanol fuel cells are also being explored 
18,19
. 
In addition to these practical reasons for studying ethanol synthesis, the reaction is also 
interesting from a fundamental point of view.  Though thermodynamically favorable, CO 
hydrogenation to ethanol (Equation 1.1) is less favorable than the methanation reaction 
(Equation 1.2).   
2CO (g) + 4H2 (g)  C2H5OH (g) + H2O (g) (1.1) 
ΔH°r = -126.8 kJ/mol of CO reacted 
ΔG°r = -110.6 kJ/mol of CO reacted 
CO (g) + 3H2 (g)  CH4 (g) + H2O (g) (1.2) 
ΔH°r = -205.9 kJ/mol of CO reacted 
ΔG°r = -141.9 kJ/mol of CO reacted 
3 
 
The selectivity to ethanol and higher alcohols is generally low due to competition from 
methanation and hydrocarbon formation.  This is undoubtedly a major reason that the higher 
alcohol synthesis technology has not been commercially viable beyond the pilot scale 
20
.  In 
order to achieve high ethanol yield, methane formation must be kinetically limited, whereas sites 
that favor ethanol synthesis must be present on the catalyst.  This will require a better 
understanding of the types of sites that catalyze formation of different products, from a 
mechanistic point of view. 
1.4. Rationale for Selecting Copper-Cobalt Catalysts 
Heterogeneous catalysts studied for conversion of syngas to oxygenates can be classified 
into four main types 
21-23
:  (1) rhodium-based catalysts, (2) copper-based modified methanol 
synthesis catalysts, (3) modified molybdenum-based catalysts, and (4) modified Fischer-Tropsch 
catalysts.   
Rhodium-based catalysts, with appropriately chosen promoters, supports, and reaction 
conditions, are capable of producing ethanol with selectivities exceeding 30% 
24-33
.  Even so, net 
ethanol yields are typically too low to justify the use of the precious metal rhodium at the 
loadings required for these catalysts 
34
. 
Copper-based catalysts, when promoted by alkali or other basic elements, produce 
mixtures of methanol, ethanol, propanol and branched alcohols like isobutanol 
35-39
.  These 
catalysts give low hydrocarbon selectivities (typically below 15%), but methanol is generally the 
principal oxygenate 
35,39,40
.  For these catalysts, ethanol is an intermediate, and its formation is 
the limiting step in the formation of C3+ alcohols 
23,34,36,41-43
.  That is, formation of the first C-C 
bond is the most difficult; subsequent conversion to propanol is more rapid. 
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Modified molybdenum-based catalysts, when promoted by alkali or transition metals, 
produce mainly linear alcohols and hydrocarbons 
44-49
.  In some cases the condensation of lower 
alcohols to form branched products is also observed 
44,45
.  These catalysts are sulfur-resistant and 
are often sulfided 
44-48,50,51
.  However, MoS2-based catalysts require cofeeding of H2S to maintain 
the sulfide state and stabilize the product distribution; this has the undesired effect of sulfur 
incorporation into the reaction products 
52
.   
Modified Fischer-Tropsch catalysts typically contain Fe, Ru, Co, or Ni in combination 
with Cu, other transition metals, or rare earth oxides 
53-60
.  These catalysts give a mixture of 
linear alcohols and hydrocarbons, where methane is a major byproduct.  Despite the high 
hydrocarbon selectivities of the modified Fischer-Tropsch catalysts, their high ethanol yields 
give an incentive to try to overcome this disadvantage 
34
.  In particular, the copper-cobalt family 
of catalysts favors high ethanol yield 
61,62
.   
1.5. Rationale for Tin Addition to Copper-Cobalt Catalysts 
Tin is a common promoter in transition metal catalysts for selective hydrogenation of the 
C=O bond in unsaturated carbonyl compounds 
63-68
.  The increased selectivity toward 
hydrogenation of the carbonyl group relative to the olefinic bond is due to enhanced adsorption 
at the carbonyl group upon tin addition.  The possibility that tin might also promote adsorption of 
CO, favorably affecting the balance and interaction of CO, C, and CHx surface species, has 
prompted the present investigation of tin addition to copper-cobalt catalysts. 
1.6. Outline of the Dissertation 
Chapter 1 provides the necessary background and context for conversion of syngas to 
ethanol and higher alcohols, including the rationale for studying this reaction and for focusing on 
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copper-cobalt catalysts.  Justification is also offered for studying tin addition to the copper-cobalt 
system. 
Chapter 2 summarizes work in the published literature dealing with syngas conversion to 
ethanol and higher alcohols, with emphasis on copper-cobalt catalysts.  Prior findings on the 
mechanism and active sites are discussed, together with catalyst preparation, supports, and 
promoters. 
Chapters 3-5 are written in journal style.  Chapter 3 has been published in a peer-
reviewed journal 
69
 and discusses the reduction behavior of monometallic and bimetallic copper- 
and cobalt-based catalysts, as explored by temperature programmed reduction (TPR), in situ X-
ray diffraction (XRD), and in situ X-ray absorption near edge structure (XANES).  Chapter 4, 
also published in a peer-reviewed journal 
70
, deals with CO adsorption behavior of the same 
catalysts, particularly during exposure to syngas at elevated temperatures, and correlates the CO 
adsorption behavior with catalytic performance for CO hydrogenation.  Chapter 5 focuses on Sn 
addition to copper, cobalt, and copper-cobalt catalysts—specifically, on how Sn addition affects 
reduction behavior, dispersion, and CO adsorption of both copper and cobalt in each catalyst.  
This chapter has been submitted for review to Catalysis Science & Technology. 
Chapter 6 summarizes the main conclusions of the original research presented in 
Chapters 3-5 and recommends strategies for future work. 
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Chapter 2:   Literature Review of Copper-Cobalt Catalysts for Higher Alcohol Synthesis 
 
2.1. Historical Context 
Copper-cobalt catalysts for CO hydrogenation to ethanol and higher alcohols came to 
prominence in the 1980s.  Early work focused on identification of the mechanism and active 
sites, along with understanding the roles of the components.  Meanwhile, research also gradually 
turned to such topics as the roles of promoters and supports, and the influence of reaction 
conditions on catalytic performance.  More recently, work has focused on controlling particle 
size and structure during catalyst synthesis.   
2.2. Mechanism of Higher Alcohol Synthesis over Copper-Cobalt Catalysts 
A generalized mechanism of higher alcohol synthesis on modified Fischer-Tropsch 
catalysts is shown in Figure 2.1 
1,2
.  According to this scheme, higher alcohols form via acyl or 
carboxylate intermediates when a C1 oxygenated species (CO, formyl, or formate) is inserted 
into a surface hydrocarbon group.  The mechanism also accounts for the formation of methanol 
(by direct hydrogenation of the C1 oxygenate entity), of methane (by hydrogenation of CHx 
formed after dissociative adsorption of CO), and of hydrocarbons (by chain growth and 
hydrogenation).  The carbon number of the higher alcohols formed also depends on this chain 
growth step. 
This mechanism has been supported by chemical trapping studies on copper-cobalt-
aluminum-zinc-sodium catalysts 
3
.  These studies show, for example, that addition of 
dichloromethane or dichloroethane to the syngas reaction leads to increased ethanol or propanol 
levels, respectively, due to scavenging of C1 oxygenate surface species.  Coupling of methanol, 
formaldehyde, or formic acid with diiodomethane or dichloromethane also yields ethanol.  
11 
 
Reaction of the same C1 oxygenates with dichloroethane yields propanol and propanal.  
However, coupling of C2 oxygenates with dichloromethane or diiodomethane does not lead to 
propanol or propanal.  These experiments demonstrate that higher alcohols form by addition of a 
C1 oxygenate to a hydrocarbon chain, not addition of a C1 hydrocarbon to an oxygenate chain.  
 
 
Figure 2.1.  Mechanism of higher alcohol synthesis on copper-cobalt catalysts 
1,2
.  Reprinted 
with permission from (Chaumette, P.; Courty, P.; Kiennemann, A.; Kieffer, R.; Boujana, S.; Martin, G. 
A.; Dalmon, J. A.; Meriaudeau, P.; Mirodatos, C.; Holhein, B.; Mausbeck, D.; Hubert, A. J.; Germain, A.; 
Noels, A. Ind. Eng. Chem. Res. 1994, 33, 1460).  Copyright (1994) American Chemical Society. 
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Pathways to higher alcohols based on homologation or condensation of lower alcohols do 
not appear to operate to a significant extent on copper-cobalt catalysts.  Cofeeding methanol with 
syngas either does not significantly increase the ethanol concentration in the products 
4
 or 
increases it to a lesser extent than the isobutanol concentration 
3
.  The latter product is known to 
form by β-addition condensation pathways over alkali-promoted Cu/ZnO catalysts 5-7.  Without 
the added methanol, however, the alcohols produced by copper-cobalt catalysts are mostly of the 
linear, primary variety.  Similarly, cofeeding of ethanol with syngas results in condensation or 
homologation products only when the ethanol concentration is much larger than can be produced 
under normal reaction conditions 
4
.  According to another study, ethanol cofeeding enhances 
higher alcohol synthesis most effectively on a CuZnCr catalyst; increasing cobalt content from 0 
to 5 mol% in this formulation decreases both conversion of ethanol and yield of higher  
alcohols 
8
.   
The evidence suggests that mechanisms based on incorporation of lower alcohols into 
higher ones, while not impossible on copper-cobalt catalysts, are unlikely to be major 
contributors to higher alcohol synthesis under normal conditions.  The mechanism in Figure 2.1 
is more consistent with the typical product spectrum from these catalysts—that is, a Schulz-Flory 
distribution of both alcohols and hydrocarbons.   
2.3. Active Sites 
Considering the wide array of products made possible by the mechanism in Figure 2.1, 
identification of the site or sites responsible for ethanol formation is a challenge.  Indeed, much 
debate has centered on this problem in the literature. 
One early model 
9
 included a cobalt core surrounded by a copper-cobalt alloy shell, 
despite the low solubility of copper in cobalt (about 10%).  The cobalt sites of the alloy were 
13 
 
assumed to dissociate CO and grow the carbon chain, while the copper sites were thought to 
adsorb molecular CO and insert it into the metal-alkyl bond. 
A contemporaneous report 
10
 showing that alcohols could be produced by a cobalt 
catalyst without copper in the formulation raised questions about the role of copper as the CO 
insertion site.  Copper-cobalt alloy catalysts were found by some to be less active for oxygenate 
synthesis than partially reduced cobalt 
11,12
.  These studies proposed cobalt ions as the active sites 
for CO insertion and suggested the role of copper was to moderate the hydrogenation activity of 
cobalt so as to suppress hydrocarbon formation 
12
. 
Other researchers 
2,13
 have suggested that bimetallic sites are more suitable for higher 
alcohol formation than ionic species, while acknowledging that the latter sites might possibly 
play a role.  Of course, the existence of a strong copper-cobalt interaction does not preclude 
reoxidation of the metals to Co
2+
 and Cu
+
 or Cu
δ+
 during the reaction, which has in fact been 
observed 
14
.   
The temperature range of higher alcohol synthesis has been sometimes observed to 
coincide with the existence of a cobalt carbide phase 
15,16
.  This suggested that the copper-cobalt 
alloy phase generated upon reduction served to promote formation of cobalt carbide, which then 
functioned as the CO insertion site.  Metallic sites were responsible for CO dissociation.  
Similarly, the high activity, ethanol selectivity, and stability of perovskite-derived Co-Cu/La2O3-
LaFeO3 catalysts have been attributed to formation of highly dispersed Co2C during the  
reaction 
17
. 
Oxygenate production has also been correlated with increasing dispersion of metallic 
copper supported on a cobalt-containing spinel 
18
.  This result was attributed to electronic 
modification of copper through contact with the potassium-promoted cobalt-chromium spinel. 
14 
 
Active sites consisting of isolated cobalt atoms on metallic copper clusters have also been 
proposed.  The tendency of such sites to adsorb multiple CO molecules was recognized on a 
CuCoZnAl catalyst and could lead to enhanced CO insertion 
19
.   
Different studies disagree as to whether the chain growth probability factors (α) for 
hydrocarbons and alcohols are equal 
20
 or different 
4
.  Equal α’s would imply a common site for 
hydrocarbon and alcohol formation.  Boz 
21
 observed an alcohol α that was constant with respect 
to conversion and a decreasing  
hydrocarbon α that converged to 
the alcohol value at high 
conversion (Figure 2.2).  One 
plausible explanation is that there 
are two types of sites for 
hydrocarbon formation, one of 
which becomes less active at high 
conversions.  On the other hand, 
there is only one type of site for 
alcohol synthesis, a point later 
reiterated by Mahdavi et al. 
22
.  
The determination of the active sites is further complicated by differing catalyst 
compositions in different studies.  For example, when the copper-to-cobalt ratio is high, cobalt 
can act as a selective poison of methanol and/or higher alcohol synthesis at copper sites 
23-25
.  
Only as its concentration increases does cobalt contribute to chain growth and higher alcohol 
synthesis (Figure 2.3) 
26,27
.   
Figure 2.2.  Changes in chain growth probability factor α 
with CO conversion over a Co2O3/CuO/ZnO/Al2O3 +5% 
K2O catalyst 
21
 (with kind permission from Springer Science 
and Business Media). 
15 
 
 
 
Figure 2.3.  Promotional effect of Co on a CuLa2Zr2O7 catalyst. Catalyst: x% Co/40% 
CuLa2Zr2O7, calcined for 3 h at 700°C. Reaction conditions: CO + 2H2, gas flow 4 1 h
-1
 gcat
-1
, P 
= 6 MPa, T= 280°C 
27
.  Reprinted from Chu, W.; Kieffer, R.; Kiennemann, A.; Hindermann, J. P. 
Appl. Catal., A 1995, 121, 95, with permission from Elsevier. 
 
In summary, a wide variety of sites have been proposed as having some involvement in 
the synthesis of ethanol and higher alcohols.  These include copper-cobalt alloys, unalloyed but 
still interacting copper and cobalt metals, metallic cobalt interacting with cobalt ions, ionic 
copper and cobalt, cobalt carbide interacting with a metallic phase, dispersed copper supported 
on a cobalt-containing spinel, and cobalt atoms supported on copper clusters.  In addition, the 
sites for hydrocarbon and alcohol formation may or may not be the same, depending on the 
reaction conditions.   
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2.4. Catalyst Preparation 
Whatever the active sites of higher alcohol synthesis on copper-cobalt catalysts may be, 
their selective generation depends in part on the synthesis conditions.  A number of papers 
dealing exclusively with the synthesis and conditioning of copper-cobalt materials have been 
published 
28-35
.   
In addition, the effect of preparation parameters on catalytic performance has been 
investigated.  For example, SiO2-supported, co-impregnated catalysts have outperformed 
sequentially impregnated ones in terms of selectivity and space time yield to C2+ alcohols 
36
.  
This result was ascribed to a stronger synergistic effect between copper and cobalt in the co-
impregnated catalyst.  Coprecipitated or citrate-derived CuCoAlZn catalysts were more active 
when calcined in oxygen or air than in nitrogen 
37,38
.  Calcination temperature is another 
important variable, which if too high leads to catalysts with reduced activity and high 
hydrocarbon selectivity 
39,40
.  An excessive calcination temperature reduces the active metal 
surface area 
40
 and preferentially destroys oxygenate-producing sites 
39
. 
A recent trend in research on copper-cobalt catalysts has been the attempt, through 
advanced synthesis procedures or preparation of defined crystalline structures, to improve the 
dispersion or distribution of active materials in the catalysts.  
For example, reactive grinding of lanthanum, copper, and cobalt oxides has been used to 
generate precursors with copper and cobalt atoms uniformly distributed in a perovskite lattice, 
which upon reduction transform to highly dispersed bimetallic Co-Cu alloys supported on La2O3 
41-43
.  Increasing copper content in the original perovskite lattice was found to increase higher 
alcohol selectivity 
41,44
.   
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Other techniques have included post-treatment of coprecipitated or co-impregnated 
catalysts by glow discharge plasma 
45-47
, as well as reverse coprecipitation under ultrasound 
irradiation 
45
.  The plasma treatment increased the dispersion, specific surface area, surface 
content of active components, and CO adsorption capacity of the catalysts.  It also increased CO 
conversion, alcohol yield, and C2+ alcohol selectivity.  In the reverse coprecipitation procedure, 
an aqueous solution of catalyst precursors was added to the Na2CO3 precipitating solution under 
ultrasound irradiation.  Compared to a conventionally coprecipitated catalyst, prepared by 
feeding the precursor solution and precipitating solution together into a beaker, the catalyst 
synthesized by reverse coprecipitation showed increased dispersion, surface area, surface 
enrichment of copper and cobalt, CO conversion, and C2+ alcohol selectivity.  
Catalysts prepared by impregnation of bimetallic copper-cobalt complexes have also been 
studied 
48,49
.  For example, impregnation of a bimetallic cyanide complex onto alumina resulted 
in a catalyst with higher C2+ alcohol selectivity than one prepared by impregnation of nitrates 
49
.  
This was attributed to a close interaction between copper and cobalt, originating from the 
precursor used.  The high dispersion of cobalt might also be important for higher alcohol 
selectivity 
48
. 
The use of pyrogallol as a complexing agent in the impregnation of copper and cobalt 
nitrates onto carbon nanotube (CNT)-modified silica gel has been shown to preferentially deposit 
metal ions onto the CNTs 
50
.  The resulting increases in CO conversion and C2+ alcohol 
selectivity (compared to catalysts prepared by aqueous impregnation of unmodified and CNT-
modified silica gel) were attributed to improved distribution and interaction of copper and cobalt. 
Subramanian et al. 
51,52
 prepared copper-cobalt nanoparticles with both core-shell and 
mixed-metal morphologies.  The mixed-metal nanoparticles gave higher selectivity to ethanol 
18 
 
than ones with a cobalt core and copper shell 
51
.  However, nanoparticles with a copper core and 
cobalt shell gave still higher ethanol selectivity 
52
.  
Though the advanced synthesis techniques allow some manipulation of catalyst structure, 
they also present some disadvantages.  For example, some use nonstandard reagents and 
precursors that have to be specially prepared for this purpose 
48,49
.  Others give relatively low 
throughput, as only a few hundred milligrams of catalyst can be produced at one time.  The 
catalysts discussed in this work have been prepared according to standard incipient wetness 
impregnation methods.  The goal is to find ways to achieve high dispersion and favorable metals 
distribution without resorting to exotic synthesis techniques—e.g., through the choice of suitable 
supports and promoters.   
2.5. Supports 
Catalyst supports generally serve to stabilize the active species, modify their dispersion 
and reducibility, and sometimes facilitate electron transfer 
53
.  Only a couple of studies discuss 
support effects specific to copper-cobalt catalysts (some of which are listed in Table 2.1).   
Mouaddib et al. 
54,55
 observed different product selectivities during CO hydrogenation 
when copper and cobalt were deposited on different supports.  MgO favored methanol 
selectivity. TiO2, CeO2, and La2O3 led to hydrocarbons.  These four supports gave C2+ alcohol 
selectivities of 8-15%.  SiO2 and ZrO2 improved higher alcohol selectivity to values of 25-30%.  
The authors attributed the different selectivities to different surface compositions induced by the 
supports.  The CeO2-supported catalyst, for example, had a cobalt-rich surface, which led to 
hydrocarbons.  The surface enrichment of copper on the MgO-supported catalyst led to its high 
methanol selectivity.  The ZrO2-supported catalyst, which was selective to higher alcohols, had a 
surface composed of both metals. 
19 
 
 
Table 2.1.  Comparison of activities and selectivities of copper-cobalt catalysts on different 
supports 
55,56
.  Numbers in parentheses represent ethanol selectivities.  Where the sum of 
selectivities < 100%, CO2 makes up the balance. 
 SiO2 ZrO2 TiO2 MgO La2O3 
Ref. 
55
. Temperature (°C) 250 250 250 250 250 
Activity (mmol/h/gcat) 0.44 1.39 3.37 0.79 0.63 
Selectivity      
 C2+ oxygenates 29 25 13 10 8 
 MeOH 37 39 12 76 35 
 Hydrocarbons 34 36 75 14 57 
Ref. 
56
. Temperature (°C) 280 280 250 250 280 
CO Conversion (%) 0.6 18.0 0.7 0.6 1.9 
Selectivity      
 C2+ oxygenates 21 (21) 16 (9) 24 (16) 36 (31) 25 (19) 
 MeOH 38 3 15 20 26 
 Hydrocarbons 42 77 55 44 48 
 
Takeuchi et al. 
56
 studied the effect of support on Cu-Co-Zn catalysts.  Cr2O3 and ZnO led 
to high selectivities toward methanol and CO2.  The highest conversions were obtained at 280°C 
from the catalysts supported on Al2O3 (31%) and ZrO2 (18%), but these catalysts favored 
hydrocarbons and gave ethanol selectivities <10%.  TiO2 and La2O3 gave increased ethanol 
20 
 
selectivities of 16% and 19% at 250°C and 280°C, respectively.  Catalysts supported on MgO or 
SiO2 gave the highest ethanol selectivities, exceeding 20%.   
The two studies are not in perfect agreement as to the effect of the various supports.  For 
example, MgO leads predominantly to methanol according to Mouaddib et al. 
55
 but to ethanol 
according to Takeuchi et al. 
56
  However, both studies agree that SiO2 is relatively effective at 
promoting higher oxygenate selectivity.  This is one reason SiO2 has been selected as the support 
for the catalysts in the present study. 
2.6. Promoters 
The most common promoters added to copper-cobalt catalysts are the alkali elements.  
Alkali cations suppress methanation 
20,21,39,57,58
 and alcohol dehydration 
20
.  Suppressed 
methanation could be due to a reduction in hydrogenation activity of cobalt, which would tend to 
stabilize CHx species on the surface and increase the probability of their incorporation into 
higher molecular weight compounds 
21,57,58
.  In addition, alkali ions can promote adsorption of 
CO by interacting with its O atom as in Figure 2.4 
13,21,59
 or by stabilizing cobalt carbonyl species 
13
.  
Higher alcohol yield usually exhibits a maximum 
with increasing alkali loading 
21,57
, which could 
indicate blockage of active sites when the promoter is 
present in excess.  Alkalization has the side effect of 
promoting carbon deposition 
13,60,61
.  In addition, 
water vapor, a reaction byproduct is capable of 
extracting the alkali elements 
61
. 
Figure 2.4.  CO adsorption on a metal 
surface and interaction with a cationic 
promoter. 
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Zinc is another common ingredient in copper-cobalt catalyst formulations.  Zinc is said to 
improve catalyst stability and decrease carbon deposition 
13
.   
Certain other promoters—including manganese and molybdenum—have also been 
studied.  Manganese decreases overall catalytic activity but promotes selectivity to higher 
alcohols, particularly n-propanol 
62
.  Molybdenum addition to copper-cobalt catalysts increases 
overall activity and alcohol yield 
27,63
.  This result has been attributed to increased hydrogen 
adsorption and hydrogenating power upon addition of molybdenum oxides 
27
.  Due to the altered 
hydrogenating power, however, the higher-alcohol-to-methanol ratio decreases.  The effect of 
molybdenum is most beneficial when it is combined with copper and cobalt in a mixed phase 
64
. 
Promotion of a copper-cobalt catalyst by herringbone-type CNTs is also reported to 
increase the concentration of adsorbed hydrogen, increasing the rate of surface hydrogenation 
reactions and overall catalytic activity 
65,66
.  The simultaneous increase in higher alcohol 
selectivity is explained by the stabilization of CoO(OH) species, which is the active cobalt 
species according to these authors. 
Other potential promoters, even those frequently added to catalysts employed for related 
reactions, have yet to be studied for higher alcohol synthesis.  For example, tin is known to 
enhance C=O group adsorption 
67-72
 and might be expected to do the same for the CO molecule.  
This would influence the quantity of associatively and dissociatively adsorbed CO and might 
increase selectivity toward CO insertion.  In fact, the activation of the carbonyl group is often 
proposed to occur via interaction of its O atom with positively charged tin 
68-70
.  A similar 
interaction of CO with an oxophilic site gives rise to a tilted CO species (as in Figure 2.4), which 
is thought to favor both CO dissociation (by favoring surface bonding via C and O atoms) and 
insertion (by stabilizing acyl intermediates) on Rh catalysts and others 
73-75
. 
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2.7. Other Applications of Copper-Cobalt Catalysts 
Besides the higher-alcohol synthesis, copper-cobalt catalysts have also been studied for 
such reactions as dehydrogenation of cyclohexanol 
76
, methyl acetate hydrogenolysis 
77
, and 
hydrogenation of unsaturated aldehydes to the corresponding alcohols 
78,79
.  The latter reaction is 
most relevant to this study and, interestingly, is one for which Sn promotion has been found to be 
beneficial. 
2.8. Current Research Priorities 
Though extensive research has been conducted on the identification of the active sites of 
copper-cobalt catalysts, most of this work has been done without the benefit of in situ 
spectroscopic techniques.  For example, X-ray absorption and infrared spectroscopies have given 
valuable insights into the hydrogen reduction 
80,81
 and CO adsorption during syngas exposure 
82
 
of cobalt-based Fischer-Tropsch catalysts.  However, similar studies on copper-cobalt higher-
alcohol synthesis catalysts are lacking.  From the literature reviewed in the preceding sections, 
the nature of the CO insertion site (whether metallic or cationic) is debatable.  Furthermore, the 
mode of CO adsorption—the balance of associatively and dissociatively adsorbed species, and 
the type of site associated with each—is crucial to higher alcohol selectivity.  Therefore, detailed 
studies using in situ probes have been undertaken with the goal of relating these attributes to the 
activity and selectivity of the catalysts. 
In addition, Sn has been explored as an alternative to alkali, zinc, manganese, and 
molybdenum promoters.  In an effort to identify component interactions and synergisms, one-, 
two-, and three-component catalysts have been synthesized and characterized:  Cu/SiO2, 
Co/SiO2, CuCo/SiO2, CuSn/SiO2, CoSn/SiO2, and CuCoSn/SiO2. 
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Chapter 3:  Reduction Processes in Cu/SiO2, Co/SiO2, and CuCo/SiO2 Catalysts
*
 
 
3.1. Introduction 
Catalysts based on copper and cobalt have been studied for hydrogenation of CO to 
mixtures of ethanol and higher alcohols.  This reaction is thought to occur by a dual site 
mechanism:  CO associatively adsorbed on one type of site is inserted into surface hydrocarbon 
species arising from CO dissociation on the other site 
1,2
.  Hydrogenation of the resulting 
intermediate yields the alcohol.  The site pairs mainly responsible for alcohol synthesis are often 
proposed to be Cu
0
 and Co
0
 in close interaction or proximity 
1,3,4
, but have occasionally been 
identified as Co
0
/Co
+
 pairs, with copper maintaining this state of reduction 
5
.  In fact, the nature 
of the active centers may depend on the activation conditions applied to the catalyst 
6
.  
Therefore, it is important to understand reduction processes in both copper-cobalt catalysts and 
their monometallic counterparts. 
Bulk unsupported CuO normally reduces in a single step to Cu
0
, without formation of a 
Cu2O intermediate 
7,8
.  Copper oxide becomes reducible at lower temperature when supported 
on silica than when unsupported, due to increased dispersion and greater reactivity toward H2 
9-
11
.  Sometimes multiple peaks are observed during temperature programmed reduction (TPR) of 
Cu/SiO2 catalysts.  In such cases, some authors associate the lower temperature peak with 
reduction of a CuO phase of low crystallinity and small particle size, presumably forming Cu
0
 
directly. 
11-14
.  Others claim small CuO particles should interact with SiO2, hindering reduction 
10
.  Moreover, if the area ratio of these TPR peaks is ~1:1, then the possibility of a sequential 
reduction, CuO  Cu2O  Cu, must also be considered. 
                                                 
*
 Reprinted from Smith, M. L.; Campos, A.; Spivey, J. J. Catal. Today 2012, 182, 60, with permission 
from Elsevier. 
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Co/SiO2 catalysts typically reduce in two steps:  Co3O4  CoO  Co
0
 
15-17
.  The second 
step, in particular, is impeded by support interactions that become important when the particle 
size is small 
15
.  Divalent cobalt species show increasing difficulty of reduction in the following 
order:  Co
2+
 with little support interaction, Co
2+
 having slightly stronger interaction with SiO2, 
cobalt hydrosilicates, and cobalt silicate 
16
.  Cobalt silicate, which is favored by high-pH 
preparation conditions, shows a TPR maximum at about 900°C 16.   
TPR of unsupported, coprecipitated, air-calcined oxides of cobalt and copper shows that 
the presence of copper promotes the reduction of Co3O4 
18
.    CuCo/SiO2 catalysts usually show 
a single TPR peak at lower temperature than is typical for reduction of cobalt oxides 
19-21
.  
Different authors have assumed a strong interaction between CuO and Co3O4 
18,19,21
 or even 
formation of a CuxCo3-xO4 phase 
18,20
 to explain the promoting effect of copper on cobalt 
reduction. 
Catalyst reduction pathways depend on preparation method, thermal treatment, and metal 
loading and can be quite complex even in monometallic systems.  Addition of a second metal 
complicates the system even further.  Therefore, a thorough characterization of the activation 
process is a prerequisite for understanding the nature of active species in each catalyst.  The 
objective of this work is to apply complementary characterization techniques (TPR, in situ XRD, 
and in situ XANES) to study the effects of copper and cobalt upon each other during reduction of 
SiO2-supported catalysts. 
3.2. Materials and Methods 
3.2.1. Catalyst Preparation 
Three catalysts were prepared by incipient wetness impregnation of SiO2 (PQ 
Corporation) with an aqueous solution of Cu(NO3)2 · 2.5 H2O alone, Co(NO3)2 · 6 H2O alone, or 
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both these salts together.  The catalysts were dried overnight (17 h) at 100-105°C.  They were 
calcined in a tube furnace in stagnant air by ramping at 4°C/min to 500°C and maintaining that 
temperature for 2 h. 
The designations and nominal compositions, on a post-reduction basis, of the three 
catalysts are as follows: (1) Cu/SiO2, 3.5 wt% Cu; (2) Co/SiO2, 3.5 wt% Co; and (3) CuCo/SiO2, 
3.5 wt% Cu, 3.5 wt% Co.   
3.2.2. Composition and Texture 
The actual compositions of the calcined catalysts were determined by ICP-OES using a 
Perkin Elmer 2000 DV ICP-optical emission spectrometer.   
Flow BET measurements were performed in an Altamira AMI-200 system.   About 40 
mg of calcined catalyst was pretreated in 30 sccm He at 150°C for 30 min.  N2 concentrations of 
10%, 20%, and 30% in a He carrier were used for the adsorption.  BET surface area was 
calculated based on N2 adsorption at liquid nitrogen temperature.   
3.2.3. Temperature Programmed Reduction (TPR) 
 TPR experiments were carried out in an Altamira AMI-200 system.  The catalyst (45 mg) 
was dried in 30 sccm He at 120°C for 100 min.  After cooling to room temperature, the catalyst 
was exposed to 30 sccm of 10% H2/Ar flow as the temperature ramped at 10°C/min to 750°C.  
H2 consumption was monitored by a thermal conductivity detector (TCD).  Calibration of the 
TCD by TPR of Ag2O enabled quantitative evaluation of H2 consumption. 
3.2.4. In situ X-ray Diffraction (XRD) 
 XRD experiments were done at the Center for Nanophase Materials Sciences, Oak Ridge 
National Laboratory, Oak Ridge, TN.  The catalyst sample was loaded into an Anton Paar 
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XRK900 reaction chamber and exposed to 4% H2/He flow.  XRD patterns were recorded at 
selected temperatures by a PANalytical X’Pert Pro MPD diffractometer using Cu Kα radiation.  
The scan speed was 0.030384°/s, and the step size was 0.017°.  
 Phase identification was carried out by the Search & Match feature of X’Pert HighScore 
Plus (v. 3.0) using the library provided by the Crystallography Open Database. 
3.2.5.  In situ X-ray Absorption Near Edge Structure (XANES) 
 XANES measurements were collected on the Double Crystal Monochromator (DCM) 
beamline at the J. Bennett Johnston, Sr., Center for Advanced Microstructures and Devices 
(CAMD), Baton Rouge, LA.  About 20 mg of sample was mixed with 20 mg of amorphous SiO2 
and loaded into a Lytle cell.  As a 10% H2/Ar mixture flowed over the catalyst, the temperature 
was increased at 2°C/min to 362°C.   
 XANES spectra were collected at the Cu K-edge of CuCo/SiO2 and the Co K-edge of 
Co/SiO2 and CuCo/SiO2.  During the temperature ramp, scans were collected using the following 
parameters:  1 eV steps in the range -50 to -15 eV relative to the edge, 0.5 eV steps in the range  
-15 to 50 eV, and 1 eV steps in the range 50-100 eV.  The integration time at each data point was 
1 s.  A foil reference of the element being measured was placed in the beam path beyond the 
sample and scanned in transmission mode. 
 Transmission data were processed and analyzed in the Athena (v. 0.8.061) component of 
the Ifeffit software 
22
.  First, the edge energy of the foil reference (taken as the maximum in the 
first derivative of its spectrum) was shifted to its literature value (8979 eV for Cu, 7709 eV for 
Co) 
23
.  Each simultaneously measured sample spectrum was calibrated according to that shift.  
The spectra were processed by deglitching and determination of the pre-edge line and 
normalization range.  Next, each spectrum was analyzed by linear combination fitting (LCF) of 
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its derivative to the derivative spectra of reference standards.  The Cu standards included CuO, 
Cu2O, and Cu
0
 foil.  The Co standards included Co3O4, CoO, and Co
0
 foil.  The model adopted 
for each fitting each spectrum was selected by a combinatorial approach, using all three 
standards and all possible combinations of two standards.  Of the four possible fits, the one with 
the lowest χv
2
 value was chosen.  Each fit was confined to the region of the derivative spectrum 
that showed clear peaks. 
3.3. Results 
3.3.1. Composition and Texture 
BET and ICP-OES results are listed in Table 3.1.  The surface areas of all the catalysts, 
according to N2 adsorption, are between 250 and 270 m
2
/g.  The surface area of calcined SiO2 is 
279 m
2
/g.  
 
Table 3.1.  Catalyst surface areas, determined by flow BET, and compositions, determined by 
ICP-OES. 
Catalyst SBET (m
2
/g) Composition (wt%) 
  Co Cu 
Cu/SiO2 261 ± 14 -- 3.30 ± 0.06 
Co/SiO2 268 ± 11 2.99 ± 0.15 -- 
CuCo/SiO2 251 ± 4 2.97 ± 0.02 3.18 ± 0.09 
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3.3.2. TPR 
 TPR profiles of the three catalysts are shown in Figure 3.1.  Cu/SiO2 exhibits a main peak 
at 220°C, with a high temperature shoulder and another small feature at 300°C.  The Co/SiO2 
profile contains a broad area of hydrogen consumption, spanning from 220°C to 600°C and 
apparently consisting of several overlapping reduction bands.  Like that of Cu/SiO2, the 
CuCo/SiO2 TPR shows a prominent peak at 220°C, but its shoulder is on the low temperature 
side. 
 
Figure 3.1.  TPR profiles in 10% H2/Ar, ramping at 10°C/min. 
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 Quantities of hydrogen consumed by each catalyst are listed in Table 3.2.  In each case, 
the catalyst consumes sufficient hydrogen to reduce CuO, when present, to Cu
0
 and Co3O4, when 
present, to Co
0
.  In addition, the hydrogen consumption by CuCo/SiO2 is near the sum of the 
total uptakes by Cu/SiO2 and Co/SiO2.   
 
Table 3.2.  Quantitative H2 consumption during TPR. 
Catalyst H2 consumption 
(mmol/g) 
Expected H2 consumption
a
  
(mmol/g) 
Cu/SiO2 0.65 ± 0.10 0.52 
Co/SiO2 0.76 ± 0.09 0.68 
CuCo/SiO2 1.50 ± 0.23 1.17 
a
Assuming complete conversion of CuO and Co3O4 to Cu
0
 and Co
0
, respectively. 
 
3.3.3. In situ XRD 
 The XRD patterns of Cu/SiO2 during isothermal hydrogen reduction at selected 
temperatures are shown in Figure 3.2.  This catalyst initially contains CuO, as expected.  With 
increasing temperature, the crystalline phases in Cu/SiO2 transform as follows.  At 200°C, a 
small amount of Cu
0
 appears.  At 250°C, CuO almost disappears, and Cu0 is the dominant phase.  
A minor peak at 2θ = 36.6° and d = 2.45 suggests also the presence of a small amount of Cu2O 
14,24,25
.  By 300°C, Cu0 is the only remaining phase detected by XRD.  
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Figure 3.2.  XRD patterns of Cu/SiO2 during reduction in 4% H2/He at the indicated 
temperatures. 
 
 The XRD patterns of Co/SiO2 during reduction (Figure 3.3) show that Co3O4 is the 
starting crystalline phase, which transforms to CoO by 300°C.  At 400°C, CoO has begun 
converting to a cubic Co
0
 phase, but this process is complete only after an extended time at 
600°C.  
 CuCo/SiO2 initially contains crystalline CuO and Co3O4 (Figure 3.4).  At 200°C, metallic 
phases have begun to appear.  Intermediates such as Cu2O and CoO may also be present at this 
stage, though interference from other peaks hinders this determination.  By 300°C, only metallic 
crystalline phases remain.   
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Figure 3.3.  XRD patterns of Co/SiO2 during reduction in 4% H2/He at the indicated 
temperatures.  A second scan was collected at 600°C immediately after the first. 
 
 
Figure 3.4.  XRD patterns of CuCo/SiO2 during reduction in 4% H2/He at the indicated 
temperatures.  A second scan was collected at 400°C immediately after the first. 
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 The sizes of crystallites in the three catalysts were determined by the Scherrer method 
with correction for instrumental broadening.  Table 3.3 shows the changing crystallite sizes with 
increasing temperature.   
 
Table 3.3.  Crystallite size (nm), determined by the Scherrer method with correction for 
instrumental broadening.  
Temperature (°C) Cu/SiO2 Co/SiO2 CuCo/SiO2 
 CuO
a
 Cu
0a
 Co3O4
a 
CoO
a 
Co
0a
 CuO
a 
Co3O4
a
 
35°C (26°C) b 24.8 -- 12.7 -- -- 19.6 15.2 
100°C 21.6 -- 15.0 -- -- 20.0 13.7 
200°C 25.5 22.4 13.7 -- -- 19.0 11.0 
250°C --
 
57.1 -- -- -- -- -- 
300°C -- 62.1 -- 8.6 -- -- -- 
400°C -- 65.7 -- 7.5 10.0 -- -- 
500°C -- 65.6 -- 11.5 7.6 -- -- 
600°C -- -- -- -- 8.8, 10.3
c 
-- -- 
a
The crystallite size calculations are based on the following peaks: CuO (111), Cu
0
 (111), Co3O4 
(311), CoO (200), and Co
0
 (111). 
b
Room temperature measurements were collected at 35°C on Cu/SiO2 and Co/SiO2 and at 26°C 
on CuCo/SiO2. 
c
From back-to-back measurements at 600°C. 
 
CuO crystallites are slightly larger in Cu/SiO2 (21-26 nm) than in CuCo/SiO2 (19-20 nm).  
In addition, at room temperature, the area of the CuO (111) peak (not shown) is 50% less in 
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CuCo/SiO2 than in Cu/SiO2.  The copper metal loading (from ICP) is only about 4% lower in 
CuCo/SiO2 than in Cu/SiO2.  Thus, the bimetallic catalyst contains both crystalline and 
noncrystalline CuO.   
When Cu
0
 appears in Cu/SiO2, crystallites initially have an average diameter of 22.4 nm 
(200°C), but enlarge to 57.1 nm at 250°C and 62-66 nm at higher temperatures.  These sizes, 
from Table 3.3, were calculated based on the Cu
0
 (111) peak.  If instead the Scherrer formula is 
applied to the Cu
0
 (200) peak, the Cu
0
 crystallite diameter is 11.6 nm at 200°C, 32.6 nm at 
250°C, and 44-47 nm at 300-500°C.  If the (111) plane is assumed parallel to the support, the 
different dimensions obtained from different peaks suggest a flattened particle shape 
26
.   
Co3O4 crystallite sizes fall into the same range (11-16 nm) in Co/SiO2 and CuCo/SiO2.  
However, at room temperature, the area of the Co3O4 (311) peak is 30% higher in CuCo/SiO2 
than in Co/SiO2, whereas the cobalt metal loading is about the same in both catalysts.  This 
suggests that more crystalline, and less amorphous, Co3O4 exists in CuCo/SiO2 than in Co/SiO2 
at room temperature.  
In Co/SiO2, the intermediate CoO phase has a crystallite size of 7-12 nm.  When Co
0
 
crystallites appear at 400-600°C, they are similar in size.  The final Co0 crystallite size is close to 
75% of the starting Co3O4 crystallite size, which would be expected on the basis of the molar 
volumes of Co
0
 and Co3O4 
17,27
.  Co
0
 crystallites on Co/SiO2 do not exhibit the marked sintering 
that Cu
0
 crystallites do on Cu/SiO2. 
 The overlapping of the diffraction peaks of Cu
0
 and Co
0
 in CuCo/SiO2 prevents accurate 
determination of their crystallite size.  Overlapping or intermediate peaks can arise from 
intermediate lattice spacing between the spacings of pure Cu
0
 and Co
0
, due to alloying of the 
metals 
28,29
.  To address the question of possible alloying in CuCo/SiO2, the diffraction patterns 
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of Cu/SiO2, Co/SiO2, and CuCo/SiO2 at 400°C are compared in Figure 3.5.  The formation of 
CuCo alloy cannot be ruled out from this figure, although in general Cu
0
 has limited solubility in 
Co
0
 
6
  and would be expected to segregate to the surface of such an alloy to lower the surface 
free energy 
27
. 
 
 
Figure 3.5.  XRD patterns of Cu/SiO2, Co/SiO2, and CuCo/SiO2 during reduction in 4% H2/He at 
400°C. 
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3.3.4.  In situ XANES 
 The XANES spectra and LCF results at the Co K-edge of Co/SiO2, the Co K-edge of 
CuCo/SiO2, and the Cu K-edge of CuCo/SiO2 during temperature programmed reduction are 
shown in Figures 3.6-3.8, respectively.  The XANES spectra of cobalt and copper reference 
compounds are shown in Figure 3.9.  Sample LCFs from each in situ experiment are shown in 
Figure 3.10. 
 
 
Figure 3.6.  Left:  XANES spectra at the Co K-edge of Co/SiO2 during temperature ramping at 
2°C/min in 10% H2/Ar.  Right:  Composition of cobalt phases in Co/SiO2, from LCF, as a 
function of temperature. Non-cobalt phases are excluded from the mole fractions. 
 
 Initially, Co3O4 is the only cobalt phase present in Co/SiO2 (Figure 3.6).  At about 280°C, 
the white line region of the spectrum begins to assume the more rounded shape of the CoO 
standard, which is confirmed by the appearance of CoO in the LCF profile.  However, as Co3O4 
reduces, the fit becomes imperfect in the white line region as shown in Figure 3.10.  Probably, 
Co3O4 reduces via CoO species that have varying degrees of interaction with the support.  
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Electron deficiencies due to such interactions can result in enhanced white line intensities that 
cannot be perfectly modeled by reference spectra of bulk compounds 
30
.  Consequently, the full 
extent of Co3O4 conversion may not be completely captured by the LCF results in Figure 3.6.  
Nevertheless, the spectra clearly show that appreciable Co3O4 reduction occurs by 280°C.  
Furthermore, a small shoulder begins to develop at the absorption edge at 358°C, denoting the 
first appearance of Co
0
. 
Figure 3.7 shows the Co K-edge spectra and LCF results on CuCo/SiO2.  The low-
temperature scans confirm that Co3O4 is the starting cobalt phase in this catalyst.  Conversion to 
CoO begins at about 215°C, 65°C lower than for the monometallic Co/SiO2 catalyst.  This is also 
accompanied by a decrease in the white line intensity and growth of a shoulder at the edge, 
corresponding to the simultaneous appearance of Co
0
 at the same temperature.   
 
 
Figure 3.7.  Left:  XANES spectra at the Co K-edge of CuCo/SiO2 during temperature ramping 
at 2°C/min in 10% H2/Ar.  Right:  Composition of cobalt phases in CuCo/SiO2, from LCF, as a 
function of temperature.  Non-cobalt phases are excluded from the mole fractions. 
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Figure 3.8.  Left:  XANES spectra at the Cu K-edge of CuCo/SiO2 during temperature ramping 
at 2°C/min in 10% H2/Ar.  Right:  Composition of copper phases in CuCo/SiO2, from LCF, as a 
function of temperature. Non-copper phases are excluded from the mole fractions. 
  
 
Figure 3.9.  Left:  Co K-edge XANES spectra of reference standards (Co3O4, CoO, and Co
0
) 
used in LCF of cobalt phases.  Right:  Cu K-edge XANES spectra of reference standards (CuO, 
Cu2O, and Cu
0
) used in LCF of copper phases.   
 
 Figure 3.8 shows the Cu K-edge spectra and LCF results on CuCo/SiO2.  When compared 
to the Cu reference standards in Figure 3.9, the spectra up to 140°C match that of CuO.  In the 
43 
 
early stages of reduction, CuO is converted first to Cu2O.  At about 230°C, Cu
0
 appears as well.  
By 300°C, conversion to Cu0 is complete. 
 
 
Figure 3.10.  Sample LCFs of Co K-edge spectra (top), including Co/SiO2 at 324°C and 
CuCo/SiO2 at 255°C, and a Cu K-edge spectrum (bottom) of CuCo/SiO2 at 259°C. 
 
3.4. Discussion 
After isothermal reduction at 400°C, Cu/SiO2 would be expected to contain Cu
0
, Co/SiO2 
to contain Co
0
 and CoO, and CuCo/SiO2 to contain a mixture of Cu
0
 and Co
0
.  Thus, the 
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reduction temperature can be manipulated in order to produce catalysts containing the desired 
species, whether Co
0
/Cu
0
 or Co
0
/Co
2+
. 
3.4.1. Effect of Co Addition to Cu/SiO2 
The low temperature shoulder in the TPR (Figure 3.1) of CuCo/SiO2 can be identified 
with the help of XRD and XANES results.  From peak fitting of the TPR profile, the shoulder 
arises from a band at about 170°C that accounts for 12.5% of the total hydrogen consumption by 
this catalyst.  In the room temperature XRD patterns, comparison of the areas of the CuO (111) 
peak of Cu/SiO2 and of CuCo/SiO2 shows that this phase is more crystalline in Cu/SiO2.  
Assuming that CuO in Cu/SiO2 is fully crystalline, an estimated 50% of the CuO in CuCo/SiO2 
is noncrystalline.  Thus, the main TPR peak at 220°C (observed for both catalysts) involves 
reduction of crystalline CuO, and the shoulder at 170°C (visible only in CuCo/SiO2) 
corresponds to reduction of noncrystalline CuO.  From XANES (Figure 3.8), it is clear that CuO 
in CuCo/SiO2 begins reducing to Cu2O before 200°C, before the appearance of metallic Cu, and 
before any reduction of Co3O4.  Accordingly, the earlier conclusion can be extended to say the 
shoulder at 170°C relates to reduction of noncrystalline CuO to Cu2O.  This point can be further 
corroborated by calculating the percentage of total H2 consumption needed to reduce 
noncrystalline CuO (that is, 50% of total CuO in CuCo/SiO2) to Cu2O.  This value comes to 
10.7%, compared to 12.5% obtained by peak fitting.  The slight discrepancy between the two 
values might have been introduced during profile fitting of the TPR and XRD patterns. 
An alternative explanation for the decrease in crystalline CuO and increase in crystalline 
Co3O4 observed by XRD in CuCo/SiO2 relative to the monometallic catalysts could be 
formation of a mixed oxide.  A spinel-type oxide, with incorporated Cu, would be difficult to 
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distinguish from Co3O4 by XRD 
31,32
.  However, the CuxCo3-xO4 phase shows low thermal 
stability, especially at Cu/Co ratios as high as the one used in this work, and would be expected 
to decompose during the calcination at 500°C 31.  Furthermore, XANES analysis does not 
support the formation of a copper-cobalt mixed metal oxide in the catalyst as-prepared or during 
reduction.  For example, the XANES lineshapes from Cu
2+
 in CuO and in the octahedral sites of 
a spinel would be expected to differ markedly, by analogy to results obtained on CuO and 
CuFe2O4 (Figure 3 of 
33
).  These reasons support the idea that the decrease in CuO diffraction 
peaks is due to creation of an amorphous fraction of CuO, not incorporation of Cu into the 
spinel phase. 
The Cu/SiO2 TPR profile (Figure 3.1) has shoulders on the high, rather than low, 
temperature side.  Peak fitting reveals that the main peak at 220°C, already assigned to 
reduction of crystalline CuO, has an area approximately equal to the sum of the areas of the 
high temperature shoulder (240°C) and small peak at 300°C.  From the stoichiometry of H2 
consumption for a stepwise reduction, this suggests that the main peak corresponds to reduction 
of CuO to Cu2O, and the secondary peaks represent reduction of Cu2O to Cu
0
.  From XRD 
(Figure 3.2), residual crystalline Cu2O is observed at 250°C and converts to Cu metal during 
isothermal treatment at 300°C.  This confirms that Cu2O is an intermediate during reduction of 
Cu/SiO2. 
The separation of Cu2O reduction into two TPR peaks suggests that a fraction of the 
intermediate Cu2O (about 26% of it) is especially difficult to reduce to Cu metal.  It is not 
obvious why this should be so, but the type of Cu2O that reduces with relative difficulty at 
300°C is not observed in CuCo/SiO2. 
46 
 
3.4.2.  Effect of Cu Addition to Co/SiO2 
The reduction of Co/SiO2 occurs over a wide temperature range, which implies the 
existence of many reducible species in varying degrees of interaction with the support 
16
.  The 
amplified white line of the Co K-edge spectra of reducing Co/SiO2 suggests that the Co
2+
 
species, in particular, are more electron deficient than in bulk CoO.  In fact, the XANES spectra 
of CoO and Co2SiO4 are quite similar 
17
, the main difference being a more intense white line in 
the spectrum of the latter.  Nevertheless, the formation of Co2SiO4, which reduces at 
temperatures greater than 800°C 16,17, does not seem to occur on Co/SiO2, which is completely 
reduced at 600°C.  According to the XRD results (Figure 3.3), CoO itself is difficult to reduce 
on Co/SiO2 and is observed across a wide temperature span, 300-500°C.  The strength of 
interaction of Co
2+
 with SiO2 seems to lie somewhere between bulk unsupported CoO and 
Co2SiO4.   
Co3O4 in CuCo/SiO2 reduces simultaneously with crystalline CuO, at a temperature about 
65°C lower than the corresponding transformation in Co/SiO2.  The reduction of Co
2+
 is very 
efficiently promoted by copper.  According to TPR and XRD, this process is complete by 300°C 
on CuCo/SiO2, whereas it continues up to 600°C on Co/SiO2.  XANES also shows that the CoO 
intermediate is reduced almost as fast as it can be produced on CuCo/SiO2, in marked contrast 
to the situation on Co/SiO2.  This indicates that an interaction between copper and cobalt phases 
exists, and it has a stronger effect on Co
2+
 reducibility than the cobalt-silica interaction, which 
would tend to maintain cobalt in an oxidized state.   
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3.5. Conclusions 
CuO and Co3O4 reduce via two step processes—CuO  Cu2O  Cu
0
 and Co3O4  CoO 
 Co0, respectively, on SiO2-supported monometallic and bimetallic catalysts.  The effects of 
cobalt addition to a Cu/SiO2 catalyst are (1) an increase in the dispersion and amorphous 
content of CuO, (2) creation of a more easily reducible (to Cu2O) fraction of CuO, due to its 
higher dispersion, and (3) elimination of a type of Cu2O that is relatively difficult to reduce.  
The main effect of copper addition to a Co/SiO2 catalyst is to increase the reducibility of cobalt 
oxides, especially of CoO. 
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Chapter 4:  CO Adsorption Behavior of Cu/SiO2, Co/SiO2, and CuCo/SiO2 Catalysts 
Studied by in situ DRIFTS
†
 
 
4.1.  Introduction 
  The reaction of syngas to produce ethanol and higher alcohols is a possible route for 
converting a variety of feedstocks to useful transportation fuels and fuel additives.  An active, 
selective catalyst is necessary.  Since their inception in the early 1980s 
1
, catalysts based on 
copper and cobalt have received continuing attention for this reaction  
2-10
.  These modified 
Fischer-Tropsch catalysts are attractive because they mimic the mechanism of the highly 
ethanol-selective Rh-based catalysts 
11
 but have a lower cost. 
 The mechanism of higher alcohol synthesis on copper-cobalt catalysts requires one site 
capable of CO dissociation and chain growth, together with a site that adsorbs CO molecularly 
12,13
.  C—C bond formation between a surface hydrocarbon group and adsorbed CO forms the 
surface intermediate leading to higher alcohols.  However, direct hydrogenation of the adsorbed 
CxHy or CO species, without coupling of the two, yields hydrocarbons or methanol, respectively. 
 Most literature dealing with the active sites of copper-cobalt catalysts assigns cobalt as 
the site for CO dissociation and copper as the main site for molecular adsorption and CO 
insertion 
14-17
.  A few studies 
18,19
 have also proposed that Co
0
/Co
n+
 are appropriate site pairs. 
 Fourier transform infrared (FTIR) spectroscopy is particularly well suited to study the 
interaction of CO with a catalyst surface.  This technique has been applied to CO adsorption on 
copper-cobalt catalysts 
17,20-23
.  These past studies usually aimed at identifying the types of 
surface sites on the catalyst.  For example, a shift in the frequencies of CO adsorbed on copper 
                                                 
†
 Reprinted (adapted) with permission from (Smith, M. L.; Kumar, N.; Spivey, J. J. J. Phys. Chem. C 
2012, 116, 7931). Copyright (2012) American Chemical Society. 
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and cobalt in opposite directions upon combining these elements has been taken as evidence for 
a CuCo surface alloy 
17
.   
The usual approach in such experiments is to collect spectra of the irreversibly adsorbed 
species after carefully controlled CO dosing at ambient or subambient temperature, followed by 
evacuation or flushing with subsequent heating 
17,20-23
.  The advantages of this procedure are (1) 
reduction of the spectral contribution of the gas phase CO signal and (2) minimization of 
coverage effects on the vibrational frequency of adsorbed CO.  However, these conditions are 
necessarily far removed from the working environment of the catalyst.   
The application of FTIR spectroscopy to study the direct exposure of a catalyst to syngas 
is rarely reported 
24-26
, still less so for copper-cobalt systems 
23
.  Considering the important role 
of the CO adsorption mode in directing the selectivity of the reaction, it would be instructive to 
follow by FTIR the effects of adsorption and changing reaction conditions on the CO bond, 
instead of using the technique exclusively as a site probe. 
The objectives of this work are to study the effect of combining copper and cobalt on CO 
adsorption under syngas flow at different temperatures and to relate this information to the 
activity/selectivity of the catalysts. 
4.2. Experimental Methods 
4.2.1. Catalyst Preparation 
The catalysts (Cu/SiO2, Co/SiO2, and CuCo/SiO2) were prepared by the incipient wetness 
technique.  Nitrate precursors in aqueous solution were used.  The catalysts were dried overnight 
at 100-105 °C and calcined in a tube furnace at 500 °C (after ramping at 4 °C/min from room 
temperature) for 2 h. 
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The compositions, from ICP-OES, of the three catalysts are: (1) Cu/SiO2, 3.30 wt% Cu; 
(2) Co/SiO2, 2.99 wt% Co; and (3) CuCo/SiO2, 3.18 wt% Cu, 2.97 wt% Co.   
4.2.2. DRIFTS 
 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) experiments were 
performed in a Thermo Scientific Nicolet 6700 spectrometer with a Harrick Praying Mantis 
reaction chamber.  A mercury cadmium telluride (MCT-A) detector was used.  All steps were 
carried out at atmospheric pressure.  Approximately 25-28 mg of sample was used in each 
experiment. 
4.2.2.1.  Pretreatment 
 The catalyst sample was reduced in the reaction chamber using 40 sccm 10% H2/He at 
400 °C for 1 h.  The catalyst was flushed with 40 sccm He at the reduction temperature for an 
additional 1 h.  Background spectra were collected at 400 °C, 300 °C, 200 °C, 100 °C, and room 
temperature during cooling in He. 
4.2.2.2. CO Adsorption and Desorption 
 At room temperature, 10 sccm of 5% CO/He were added to the 40 sccm of He already 
flowing.  Spectra were collected (64 scans, with 4 cm
-1
 resolution) using the room temperature 
background.  CO adsorption continued for about 9 min, with spectra being collected about once 
per minute.  Next, the 5% CO/He flow was removed.  Spectra were collected as He continued to 
flush the reaction chamber.  After about 9 min, the temperature was increased to 100 °C and a 
spectrum collected using the corresponding background.  Spectra were also collected at 200 °C, 
300 °C, and 400 °C. 
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4.2.2.3. CO Hydrogenation 
 Following reduction and background collection, 10 sccm of 5% CO/He + 10 sccm of 
10% H2/He were added to the 40 sccm of He already flowing.  Spectra were collected (64 scans, 
with 4 cm
-1
 resolution) using the room temperature background.  Spectra were also collected at 
100 °C, 200 °C, 300 °C, 400 °C, and again at 300 °C using the appropriate background in each 
case. Each temperature was maintained until no further changes were observed in the spectra 
before changing to the next condition.  Products were monitored concurrently in a Hiden 
Analytical quadrupole mass spectrometer. 
4.2.3. Catalytic Reaction 
 Reactions were carried out on 150 mg of sample in a ¼” glass lined stainless steel reactor 
tube in an Altamira 200R-HP unit.  The catalyst was reduced in H2/He at 400 °C for 1 h then 
cooled to room temperature in He.  The system was pressurized to 10 bar and subsequently 
heated to 200 °C in He.  At this point, the reactant mixture (space velocity = 24,000 scc/gcat/h, 
H2/CO = 2/1) replaced He.  Products were analyzed by an online gas chromatograph with flame 
ionization and thermal conductivity detectors (FID and TCD).  The temperature was changed to 
250 °C and chromatograms recorded in the same way.  Data were also collected at 275 °C, 300 
°C, and again at 250 °C (275 °C for Cu/SiO2) to check for deactivation during the run. 
 The reactor outlet lines were heated up to the Shimadzu GC-2014 gas chromatograph in 
order to prevent product condensation.  CO2 and CO were analyzed by TCD using a He carrier.  
Hydrocarbons and alcohols were analyzed by FID after being separated in a Restek Rt-Q-BOND 
column (25 m × 0.53 mm × 20 μm). 
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4.3. Results and Discussion 
4.3.1. CO Adsorption and Desorption 
4.3.1.1. Copper Sites of Cu/SiO2 and CuCo/SiO2 
 Selected spectra taken during CO adsorption and desorption are shown in Figure 4.1.  In 
CO/He flow, both catalysts show an absorption at 2127 cm
-1
 on top of the doublet for gas-phase 
CO.  During He flushing at room temperature, gas-phase CO is removed, while the peak due to 
adsorbed CO is retained.  At 100 °C in He flow, the peak decreases in size.  At 200 °C, it almost 
disappears, and at 300 °C, it is totally absent. 
 
The frequency of infrared absorption on Cu/SiO2 and CuCo/SiO2 at 2127 cm
-1
 is the same 
within the resolution, shifting no more than 5 cm
-1
 during the experiments.  A similar band near 
2130 cm
-1
 has been previously observed in FTIR studies of copper-based catalysts and is often 
attributed to CO adsorbed on Cu
+
 (Cu2O) sites 
27,28
, particularly when it is stable to evacuation, 
flushing, or heating 
29-32
.  When easily removable by outgassing, it has also been assigned to CO 
adsorbed on small, two-dimensional, partially electropositive copper particles 
33
.  Maxima above 
2120 cm
-1
 have alternatively been assigned to Cu crystallites with protruding Cu atoms, or 
atomically rough surfaces 
34
.  Greeley et al. 
35
, in a density functional theory (DFT) study of 
methanol synthesis catalysts, reported that a CO vibrational frequency of about 2130 cm
-1
 is 
consistent with three possible CO adsorption sites:  Cu adatoms, compressed Cu surfaces, and Cu 
surfaces containing subsurface oxygen.  Furthermore, the Cu surface containing subsurface 
oxygen showed the same CO stretching frequency even when the oxygen was removed and the 
surface atoms frozen in place.  Greeley et al. therefore suggested that the band is situated at 2130 
cm
-1
 due to CO adsorbed on a copper atom elevated above the surface, rather than an electronic 
effect.  In their own DFT study of CO adsorption on Cu/SiO2, Ferullo and Castellani 
36
 saw  
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Figure 4.1.  DRIFTS spectra during CO adsorption/desorption at 1 atm on Cu/SiO2 (top) and 
CuCo/SiO2 (bottom).  In each plot, the first spectrum was collected in CO/He flow at room 
temperature. The next five spectra were collected after 1, 3, 5, 7, and 9 min in He at room 
temperature.  The remaining spectra were collected at 100 °C, 200 °C, and 300 °C in He. 
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relatively lower red shifts when CO adsorbed on a quasi-isolated atom than on a Cu atom 
interacting with Cu neighbors.  They assigned the signal at 2130 cm
-1
 to atomic Cu linked to a 
paramagnetic O atom of SiO2.   
The catalysts discussed in the present study have been previously characterized 
37
 by 
temperature programmed reduction (TPR), in situ X-ray diffraction (XRD), and in situ X-ray 
absorption near edge structure (XANES).  On the basis of these results, copper species in both 
Cu/SiO2 and CuCo/SiO2 are expected to be totally reduced well below the reduction temperature 
used here, 400 °C.  Therefore, the interpretation that CO is adsorbing on Cu2O is unlikely.  It 
could be that the adsorption sites are copper species made electropositive by interaction with 
oxygen atoms or hydroxyl groups of the support, or alternatively, they could be copper adatoms 
at the surface.  Intensity transfer effects of the sort described by Hollins 
38
 could also be masking 
a CO-Cu
0
 signal at lower frequency.   
In our prior work 
37
, TPR and XRD agreed that CuO is fully crystalline in Cu/SiO2, 
whereas CuCo/SiO2 contains both crystalline and more dispersed CuO.  Although TPR showed 
some interaction between copper and cobalt phases in CuCo/SiO2, as evidenced by the greatly 
enhanced reducibility of the latter, XANES showed no evidence of mixed metal oxide formation.  
The present results show that the stretching frequency and thermal desorption behavior of CO are 
nearly identical on Cu/SiO2 and CuCo/SiO2.  This suggests that the interaction between copper 
and cobalt (which promotes the reducibility of cobalt and the dispersion of copper) has little 
effect on CO chemisorption on copper. 
The low stability of the CO-Cu peak at temperatures at and above 200 °C implies a 
limited ability for this species to participate in the CO hydrogenation reaction, which is usually 
carried out above 250 °C. 
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4.3.1.2. Cobalt Sites of Co/SiO2 and CuCo/SiO2 
 No peaks due to associatively adsorbed CO are observed after room temperature 
adsorption on Co/SiO2, after He flushing at room temperature, or after desorption in He at 
elevated temperatures.  The same is true of CuCo/SiO2.  It will be shown that this is due to an 
activation barrier for CO adsorption on cobalt, which can be overcome at higher temperatures. 
4.3.2. CO Hydrogenation 
4.3.2.1. Co/SiO2 
 Representative DRIFTS spectra during CO/H2/He flow on Co/SiO2 are shown in Figure 
4.2.  Below 200 °C, only peaks due to gas-phase CO and CO2 are present.  At 200 °C, a small 
peak appears on the low-frequency side of gas phase CO.  This peak develops over time at 2070 
cm
-1
 with little shift.  At 300 °C, the peak shifts toward lower frequencies and intensifies over 
time to give a broad absorption centered around 2038 cm
-1
.  At 400 °C, peaks due to adsorbed 
CO disappear and do not return upon cooling to 300 °C.  
 The peak at 2070 cm
-1
 is too high in frequency to be attributed to CO linearly adsorbed 
on a clean, reduced, defect-free Co
0
 surface.  According to experiment and calculation, linear CO 
on Co
0
, both fcc and hcp, normally shows an infrared absorption between 2000 and 2050 cm
-1
 
depending on the coverage 
25,39-49
.  The commonly observed blue shift with increasing coverage 
of linear CO on Co
0
 sites arises from the withdrawal of electrons from cobalt by the adsorbing 
CO.  This results in lower 2π back-donation and a higher stretching frequency.  In the case of 
Co/SiO2, by contrast, the peak develops at ~2070 cm
-1
 and shifts very little upon increasing 
exposure time at 200 °C.   
 The peak at 2070 cm
-1
 falls into a region of the spectrum that has received a variety of 
interpretations.  Peaks in the range 2050-2080 cm
-1
 have been assigned to (1) hydrocarbonyl 
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Figure 4.2.  Selected DRIFTS spectra during CO/H2/He flow at 1 atm on Co/SiO2 at the 
indicated temperatures.  Spectra are in chronological order from bottom to top. 
 
structures, (2) cobalt polycarbonyls 
46
, particularly when seen in conjunction with lower-
frequency bands 
50
, (3) CO adsorbed on defect sites 
44
, (4) CO linearly adsorbed on Co
δ+
 sites 
25,39,45,51-53
, or on Co
0
 in an oxygen-rich environment 
54
, and (5) some combination of the above 
40,41,55
.  The literature dealing with each of these species is discussed in turn. 
 Hydrocarbonyl structures.  Adsorption of CO on cobalt in the presence of H2 can lead to 
species such as HCo(CO), whose IR absorption at 2050-2060 cm
-1
 appears at the expense of an 
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ordinary CO-Co
0
 band 
40
.  Such hydrocarbonyl species have been proposed as intermediates in 
the reaction between CO and H2 
40
 and have been correlated with the formation of CH4 
24
. 
 To test whether hydrocarbonyl species might be responsible for the peak at 2070 cm
-1
, 
the catalyst was exposed to CO/He flow at room temperature, 100 °C, 200 °C, and 300 °C and 
spectra recorded (Figure 4.3).  The peak at 2070 cm
-1
 again appeared, this time at 300 °C.  Since 
the same peak appears in both the presence and the absence of hydrogen, it is unlikely to arise 
from a hydrocarbonyl species.  Nevertheless, the absence of hydrogen retards the development of 
 
 
Figure 4.3.  Selected DRIFTS spectra during CO/He flow (except where CO/H2/He flow is 
explicitly noted) at 1 atm on Co/SiO2 at the indicated temperatures.  Spectra are in chronological 
order from bottom to top. 
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this peak, which appears at 200 °C under CO/H2/He flow.  With the introduction of H2 to the 
CO/He flow at 300 °C, the peak grows in intensity, broadens, and shifts over time to 2038 cm-1, 
as in the original CO hydrogenation experiment.   
 Polycarbonyls; CO on defect sites.  Polycarbonyls and CO adsorbed on defect sites are 
discussed together here since coordinatively unsaturated sites are required to form multinuclear 
carbonyl species 
46,56
.  Polycarbonyls are favored by excess CO or prolonged contact time 
40,50
.  
As multiple ligands adsorb per metal site, the electron density back-donated to each decreases, 
and the stretching frequency increases 
50
.  In such cases, the higher-frequency symmetric 
stretching mode should dominate the spectrum, and the intensity of the antisymmetric vibration 
would be much less 
55
.   
 Several authors claim to have observed CO adsorbed on defect sites by infrared 
spectroscopy 
25,26,44
.  Beitel et al. 
44
 and Prieto et al. 
25
 both present evidence for surface 
restructuring in CO or syngas at elevated temperatures to yield low-coordination adsorption sites.  
However, Beitel et al. place the band in question at higher frequency 
44
 (and Prieto et al. at lower 
frequency 
25
) than CO linearly adsorbed on reduced cobalt sites.  Beitel et al. 
44
 state: “Since it is 
known that the cobalt—CO bonding contains a substantial degree of back-donation, the defect 
signal should be shifted to lower frequencies. . . . The reason for this apparent contradiction is 
not yet clear.”  The inconsistency could be reconciled if defect-adsorbed polycarbonyls were 
responsible for the peak seen by Beitel et al. on Co(0001) and defect-adsorbed monocarbonyls 
for the peak seen by Prieto et al. on zeolite-supported cobalt nanoparticles.  Oosterbeek 
57
, in 
discussing the results of Beitel et al. 
44
, refers to the defect species as a geminal dicarbonyl. 
CO on Co
δ+
 sites.  An increased CO stretching frequency relative to linear CO on Co
0
 
would be expected if the cobalt sites themselves were electron deficient, with a reduced capacity 
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for back-donation to the CO 2π orbital.  Such Coδ+ sites may be found at the support interface 25 
or near unreduced cobalt ions 
58
. The band due to CO-Co
δ+
 species is reported to be independent 
of coverage 
51
, or to exhibit a very weak shift 
40
.  This type of adsorbed CO may have a lower 
absorption coefficient than other species, so its amount can easily be underestimated 
25
. 
Co/SiO2 is expected to contain a mixture of Co
2+
 and Co
0
 species after H2 reduction at 
400 °C 
37
.  It is plausible that the peak at 2070 cm
-1
 in CO/H2 at 200 °C is due to CO adsorbed on 
Co
0
 sites whose electron density is reduced by proximity to cobalt ions.  The continuing shift 
toward lower frequencies as the temperature is increased and held at 300 °C could be due to an 
increasing degree of cobalt reduction in CO/H2.  This red shift is unlikely to be an effect of 
decreasing CO coverage since the peak intensity is increasing.   
 To verify whether the shift to lower frequency upon increasing temperature from 200 °C 
to 300 °C was caused by an increasing degree of cobalt reduction, a separate investigation has 
been conducted into the reversibility of this shift.  The CO hydrogenation procedure was 
repeated up to and including the step at 300 °C.  Next, the temperature was returned to 200 °C.  
After spectral collection in CO/H2/He flow, the CO component was removed and H2 allowed to 
react with the CO remaining on the surface.  The sample was cooled to room temperature, and 
the CO/H2/He flow was restored.  Finally, the sample was heated to 200 °C, then 300 °C, and 
again cooled to 200 °C. 
 Selected spectra from this procedure are shown in Figure 4.4.  The results are much the 
same as those for CO hydrogenation (Figure 4.2) up to the first step at 300 °C.  The band shifts 
from about 2039 cm
-1
 at 300 °C to a constant position at 2047 cm
-1
 upon returning to 200 °C.  
Though a blue shift is observed, it does not return the peak to its original position before heating 
to 300 °C (which was 2070 cm
-1
).  In other words, the red shift observed upon increasing the 
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temperature from 200 °C to 300 °C during CO hydrogenation is not perfectly reversible.  This 
confirms that a permanent change has occurred during the step at 300 °C, such as further 
reduction of the Co
δ+
 sites.   
  
 
Figure 4.4.  Selected DRIFTS spectra collected in flowing gas at 1 atm on Co/SiO2 at the 
indicated temperatures.  Spectra are in chronological order from bottom to top.  Unless otherwise 
indicated, spectra were collected in CO/H2/He flow. 
 
 Stoppage of CO flow at 200 °C and continuation in H2/He result in a decrease in the 
intensity of the adsorbed CO peak accompanied by a shift to lower frequency.  Reintroduction of 
CO at room temperature produces no noticeable changes in the spectrum.  This time, upon 
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heating to 200 °C, CO adsorption is accompanied by a shift from 2058 cm
-1
 to 2067 cm
-1
. The 
final frequency is about the same as that observed the first time CO adsorbed at 200 °C (2070 
cm
-1
), but on this occasion, the frequency is approached from lower wavenumbers.  This shifting 
during CO adsorption is more characteristic of reduced cobalt sites.  Nevertheless, the frequency 
range, 2058-2067 cm
-1
, is still high compared to the expected range of 2000-2050 cm
-1
.   
Heating to 300 °C at once shifts the peak from 2067 cm
-1
 to 2044 cm
-1
, and continued 
time at 300 °C shifts it further to 2025 cm
-1
 while decreasing its intensity.  This shift is likely 
produced by two cooperating phenomena:  continuing slow reduction at 300 °C and decrease in 
the coverage of linearly adsorbed CO as reaction intermediates and carbon deposits spread on the 
surface.  Returning to 200 °C shifts the peak to 2040 cm
-1
.   
 The observed phenomena can be explained by partially oxidized cobalt becoming more 
reduced in the presence of CO and hydrogen.  Evidently, CO and H2 act cooperatively to produce 
this effect.  Neither the initial activation in H2 nor the treatment in CO alone (Figure 4.3) 
generates these sites but only does the simultaneous presence of H2 and CO at 300 °C. 
4.3.2.2. CuCo/SiO2 
 Selected spectra during CO hydrogenation on CuCo/SiO2 are shown in Figure 4.5.  The 
room temperature spectrum, in addition to gas phase CO and CO2, contains a peak at 2123 cm
-1
.  
This peak, which is due to CO linearly adsorbed on copper, decreases in intensity at 100 °C and 
becomes indistinguishable from gas phase CO at 200 °C.  This peak shows low thermal stability 
both in He after room temperature CO adsorption (Figure 4.1) and under CO hydrogenation 
conditions.  Therefore, this species is unlikely to play a major role at reaction temperatures above 
200°C and low pressures.  The thermal behavior of the copper-adsorbed CO peak on Cu/SiO2 is 
similar and is not reproduced here. 
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Figure 4.5.  Selected DRIFTS spectra during CO/H2/He flow at 1 atm on CuCo/SiO2 at the 
indicated temperatures.  Spectra are in chronological order from bottom to top. 
 
At 200 °C, a broad new peak appears at about 2000 cm
-1
 on CuCo/SiO2.  This peak is 
soon dominated by a second one at about 2018 cm
-1
, which shifts over time to 2032 cm
-1
.  The 
spectral range and blue-shifting behavior of this peak are characteristic of CO linearly adsorbed 
on a Co
0
 surface. 
At 300 °C, this peak becomes more intense and, after initially shifting to 2027 cm
-1
, 
remains at that position over time.  The peak is broadened, with a shoulder on the low-frequency 
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side.  The constant peak position at 300 °C contrasts with the continuous shifting observed for 
Co/SiO2 at the same temperature (Figures 4.2 and 4.4).  This implies that the site modification 
occurring on Co/SiO2 is not a factor on CuCo/SiO2, consistent with the previous finding 
37
 that 
copper acts as a reduction promoter for cobalt, which on CuCo/SiO2 is expected to be completely 
reduced by the H2/He pretreatment at 400 °C. 
At 400 °C, the peak shifts to 2010 cm
-1
 and decreases in intensity.  Upon returning to 300 
°C, the peak position shifts back toward higher frequency (2023 cm
-1
) and regains some of its 
intensity.  This reversibility distinguishes CuCo/SiO2 from Co/SiO2, on which the DRIFTS peak 
is lost permanently after heating to 400 °C in CO/H2/He.   
The peak due to CO-Co
0
 adsorbed at higher temperature remains at 2023 cm
-1
 after 
cooling to room temperature.  In addition, CO adsorbs on copper again at 2127 cm
-1
.
 
4.3.2.3. Methanation Observed by Mass Spectrometer (MS) During CO Hydrogenation 
The most thermodynamically favorable product of CO hydrogenation (and the only one 
besides CO2 observed by MS at the atmospheric pressure conditions of this DRIFTS study) is 
methane.  Figure 4.6 compares the methane production by CuCo/SiO2 and Co/SiO2 during CO 
hydrogenation at different temperatures.  
Upon heating to 300 °C in flowing CO/H2/He, the methane production increases on 
Co/SiO2 and subsequently falls off, whereas on CuCo/SiO2, it increases to a lower, but steadier, 
level.  This could be explained by enhanced CO dissociation on the sites of Co/SiO2 relative to 
CuCo/SiO2.  The ease of CO dissociation on Co/SiO2 might contribute to the nucleation and 
growth of carbon deposits on this catalyst, leading to the observed decrease in methanation 
activity with time.   
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Figure 4.6.  Methanation activity on CuCo/SiO2 (top) and Co/SiO2 (bottom), both reduced at 400 
°C, measured by MS during the CO hydrogenation experiments represented in Figures 4.2 and 
4.5. 
 
Dissociated CO cannot be observed by DRIFTS, so the sites responsible for this mode of 
adsorption are not necessarily the same sites that linearly adsorb CO in Figures 4.2-4.4.  Indeed, 
when the CO hydrogenation procedure (up to 400 °C in CO/H2/He) was repeated on a sample of 
Co/SiO2 prereduced in H2/He at 300 °C instead of 400 °C, no peaks due to absorbed CO were 
seen by DRIFTS.  Nevertheless, methane formation was observed by MS (Figure 4.7).     
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Figure 4.7.  Methanation activity on Co/SiO2 reduced at 300 °C, measured by MS during 
CO/H2/He flow at 1 atm. 
 
On the basis of prior literature, we propose that the main sites at which CO dissociation 
occurs are coordinatively unsaturated sites.  One DFT study 
59
 predicted that CO can dissociate 
directly on a stepped Co(0001) surface because the transition state associated with this process is 
of lower energy than CO in the gas phase.  By contrast, there is a high activation barrier for 
dissociation on the flat surface.  Beitel et al. 
26,44
 also observed that a defective Co(0001) surface 
can more easily dissociate CO than a defect-free surface.  On the basis of these computational 
and experimental results, it seems reasonable that an increase in CO dissociation activity could 
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be due to an increased concentration of coordinatively unsaturated sites, such as steps, corners, 
and defects.   
The reduced ability of cobalt sites to dissociate CO upon the addition of copper could be 
due to a reduced tendency toward defect formation during the fast reduction of cobalt oxides on 
CuCo/SiO2. Alternatively, the defect sites could be blocked by copper atoms.  Because of the 
barrier to CO dissociation on defect-free sites, the methane level is initially lower on CuCo/SiO2 
than on Co/SiO2.  Carbon deposition is also less likely on CuCo/SiO2 because of the absence of 
the ready source of dissociated CO supplied by low-coordinated sites.  As a result, the 
deactivation of CuCo/SiO2 is not as pronounced as that of Co/SiO2.  Blockage of the cobalt 
surface by copper atoms might also interfere with the growth of graphitic deposits 
60
.  
At 400 °C, the reduction in methanation activity of Co/SiO2 compared with CuCo/SiO2 is 
especially distinct.  At the same temperature, the DRIFTS peak on Co/SiO2 disappears 
irreversibly (Figure 4.2).  The disappearance is due to deactivation, not simple desorption, since 
the peak cannot be recovered by returning to 300 °C.  On CuCo/SiO2, heating to 400 °C reduces 
but does not eliminate the intensity of the CO-Co
0
 peak, which can be partially restored by 
returning to 300 °C.  This observation is consistent with a lower tendency toward deactivation by 
coking of CuCo/SiO2. 
4.3.2.4. Comparison of Co/SiO2 and CuCo/SiO2 
 The band assignments of CO adsorbed on cobalt in each catalyst during CO 
hydrogenation are summarized in Table 4.1.   
 CO does not adsorb associatively in DRIFTS-detectable quantities on cobalt sites of 
either catalyst at room temperature.  On both catalysts, adsorbed CO is seen starting at 200 °C, 
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increases in intensity at 300 °C, and decreases in intensity at 400 °C under CO hydrogenation 
conditions.  These are signs of activated chemisorption on cobalt 
58
.  
 
Table 4.1.  Assignments of vibrational bands due to CO adsorbed on cobalt observed during CO 
hydrogenation at 1 atm on Co/SiO2 and CuCo/SiO2 catalysts. 
  Co/SiO2  CuCo/SiO2 
200 °C  2070 cm
-1
 CO on Co
δ+
 sites  2018 cm
-1
, 
shifting to 
2032 cm
-1
 
CO on Co
0
 sites 
300 °C  2057 cm
-1
, 
shifting to 
2038 cm
-1
 
CO on Co
δ+
 sites 
transforming to 
Co
0
 sites 
 2027 cm
-1
 CO on more strongly 
adsorbing Co
0
 sites 
400 °C  -- --  2010 cm
-1 
Most stable CO species on 
Co
0 
 
On both Co/SiO2 and CuCo/SiO2, the band shifts to lower frequencies whenever the 
temperature is raised.  On average, that is, the strength of the CO bond is reduced as the 
temperature increases. The magnitude of the shift varies depending on the relative contributions 
of two competing effects, one kinetic and one thermodynamic.  Increasing temperature enables 
the activation barrier for CO adsorption to be overcome, which increases CO coverage and tends 
to shift the peak toward high wavenumbers.  At the same time, increasing temperature tends to 
desorb CO from more weakly binding sites, which shifts the peak toward low wavenumbers.  On 
Co/SiO2, the irreversible site transformations already noted also account for some of the shift.   
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The DRIFTS peak for linear CO on cobalt sites appears at lower frequency on CuCo/SiO2 
than on Co/SiO2 at both 200 °C and 300 °C.  Since the frequency on CuCo/SiO2 is consistent 
with CO adsorbed on clean Co
0
, it follows that the difference is due to some electron-
withdrawing effect on Co/SiO2, resulting in less effective weakening of the CO bond.  This 
electron-withdrawing effect could arise from neighboring cobalt ions, interaction with O atoms 
of the support, or coadsorbed ligands such as CO, C, or O.  Of these possibilities, cobalt ions and 
CO dissociation are more likely on Co/SiO2 than on CuCo/SiO2, consistent with the DRIFTS 
result.   
4.3.3. Catalytic Reaction 
 CO conversions from each of the three catalysts at different temperatures (with P = 10 
bar and GHSV = 24,000 scc/gcat/h) are shown in Figure 4.8.  Cu/SiO2 gives the lowest 
conversions of all, which is expected on the basis of the very low amount of CO adsorbed on 
copper at temperatures above 200 °C.  Co/SiO2 gives higher conversion than CuCo/SiO2 by an 
order of magnitude or more at 250 °C, 275 °C, and 300 °C.  In particular, Co/SiO2 gives 7 times 
higher methanol yield.  However, DRIFTS shows CO adsorbed on the cobalt sites of CuCo/SiO2 
at 200-400 °C (Figure 4.5).  Therefore, the lower conversion exhibited by CuCo/SiO2 is not due 
to a deficiency of surface CO.  It seems that the presence of copper interferes with the ability of 
cobalt to hydrogenate surface intermediates.   
On all the catalysts, conversion increases with increasing temperature, as expected.  Upon 
returning to 250 °C after CO hydrogenation at 275 °C and 300 °C, Co/SiO2 shows a reduced CO 
conversion (0.7%) as compared to the earlier conversion observed at the same temperature 
(1.1%).  The CO conversion on CuCo/SiO2 is unchanged.  This finding is consistent with the 
DRIFTS/MS observation that Co/SiO2 is more prone to deactivation than CuCo/SiO2. 
71 
 
 
Figure 4.8.  CO conversion on Cu/SiO2, Co/SiO2, and CuCo/SiO2 at different temperatures.  
Conditions:  P = 10 barg, H2/CO = 2, GHSV = 24,000 scc/gcat/h.   
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Co/SiO2 gives higher selectivity to hydrocarbons, including methane, and lower 
selectivity to methanol, ethanol, and C2+ oxygenates than does CuCo/SiO2 (Table 4.2). 
   
Table 4.2.  Product selectivities (expressed as carbon efficiencies) on Cu/SiO2, Co/SiO2, and 
CuCo/SiO2
 a
.   
  CO2 MeOH EtOH C2+ 
Oxygenates 
CH4 C2+ 
Hydrocarbons 
Cu/SiO2 275 °C 6.3 14.6 9.4 0 41.2 28.4 
 300 °C 3.6 14.5 6.9 0.2 46.6 28.2 
 275 °C 
(repeat) 
5.1 19.9 8.1 0 40.7 26.2 
Co/SiO2 250 °C 1.4 5.0 1.7 1.7 52.2 38.0 
 275 °C 1.3 3.3 1.3 1.0 56.5 36.6 
 300 °C 1.9 2.6 1.2 0.8 59.1 34.4 
 250 °C 
(repeat) 
1.4 4.4 1.5 1.5 53.1 38.1 
CuCo/SiO2 250 °C 6.1 8.3 5.9 2.2 47.2 30.3 
 275 °C 3.0 6.1 4.3 1.7 50.0 34.9 
 300 °C 2.8 5.2 3.3 1.7 53.5 33.5 
 250 °C 
(repeat) 
4.8 10.9 6.3 3.1 46.4 28.5 
a
Conditions:  P = 10 barg, H2/CO = 2, GHSV = 24,000 scc/gcat/h.  C2+ oxygenates analyzed 
include acetaldehyde, acetone, isopropyl alcohol, n-propanol, isobutyl alcohol, and n-butanol.  
C2+ hydrocarbons include ethane, propane, propylene, isobutane, n-butane, and n-hexane.   
 
Considering that the stretching frequency of adsorbed CO is consistently lower on CuCo/SiO2 
than on Co/SiO2, the CO bond should weaken more when linearly adsorbed on CuCo/SiO2.  
However, the selectivity to oxygenates is higher on CuCo/SiO2, and the selectivity to 
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hydrocarbons (including methane) is consistently higher on Co/SiO2.  This is at odds with the 
expectation (from DRIFTS) that dissociation of linearly adsorbed CO is more likely on 
CuCo/SiO2 than on Co/SiO2 but could be explained if another type of site on Co/SiO2 (different 
from the one seen by DRIFTS) is responsible for direct CO dissociation and hydrocarbon 
formation on this catalyst.  This reinforces the conclusion already drawn from Figures 4.6 and 
4.7, i.e., that CO is able to dissociate directly, without first adsorbing in linear form, on certain 
sites of Co/SiO2, perhaps coordinatively unsaturated ones. 
This is also consistent with the observation that CuCo/SiO2 gives a higher ethanol-to-
methanol ratio than does Co/SiO2.  On Co/SiO2, that is, CO adsorbs associatively and 
dissociatively but not necessarily at the same site.  In fact, the Co
δ+
 sites may well be active for 
oxygenate formation, the oxygenate yield being highest on Co/SiO2.  However, the catalyst is not 
very selective due to the existence of another site highly active for CO dissociation and 
hydrocarbon formation.  On CuCo/SiO2, CO is more likely to dissociate at the same sites where 
CO associatively adsorbs, increasing the probability of CO insertion and ethanol formation.  
With increasing temperature on both catalysts, the methane selectivity increases, while 
selectivity to oxygenates decreases (Table 4.2).  From Table 4.3, the chain growth probability of 
hydrocarbons on Co/SiO2 decreases upon increasing the temperature from 275 °C to 300 °C.  
The chain growth probabilities of alcohols on both catalysts, and of hydrocarbons on CuCo/SiO2, 
are less affected by the increase in temperature.  Boz 
61
 found an alcohol chain growth 
probability factor that was constant with respect to conversion and a decreasing hydrocarbon α 
that converged to the alcohol value at high conversions.  Boz concluded that there is one active 
site for alcohol formation and two sites, or one site being modified at high conversion, for 
hydrocarbon synthesis.   
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Table 4.3.  Chain growth probability factors, assuming Anderson-Schulz-Flory distributions of 
linear alcohols C1-C4 and of normal paraffins C2-C4 and C6.   
 Co/SiO2 CuCo/SiO2 
Hydrocarbons Alcohols Hydrocarbons Alcohols 
275 °C 0.77 0.29 0.48 0.20 
300 °C 0.54 0.26 0.45 0.21 
 
4.4. Conclusions 
 Cu/SiO2, Co/SiO2, and CuCo/SiO2 catalysts have been studied by DRIFTS.  CO 
adsorption at room temperature followed by heating in He resulted in a single band at the same 
position on both Cu/SiO2 and CuCo/SiO2; this species largely desorbed below CO hydrogenation 
temperatures on both catalysts.  The presence of cobalt did not markedly affect the CO 
adsorption behavior of the copper sites. 
 Exposure to CO at room temperature did not produce any bands attributable to CO on 
cobalt sites on either Co/SiO2 or CuCo/SiO2.  Heating in CO/H2/He yielded bands due to CO on 
cobalt sites, starting at 200 °C in both cases, with some differences between the two catalysts.  
Linearly adsorbed CO bound more weakly to cobalt on Co/SiO2 than on CuCo/SiO2, probably 
due to the lower degree of reduction of the former catalyst.  Continuous red shifting at 300 °C 
was attributed to continuing slow reduction of Co/SiO2.  Heating to 400 °C caused partial 
desorption of CO from CuCo/SiO2 but total deactivation of Co/SiO2. 
 CO conversions increased in the order Cu/SiO2 < CuCo/SiO2 < Co/SiO2.  Because CO 
adsorption was similar on copper sites with and without cobalt and CO seemed to be thermally 
unstable on these sites, selectivity differences between CuCo/SiO2 and Co/SiO2 were explained 
75 
 
by differences in CO binding to cobalt sites.  Co
δ+
 sites of Co/SiO2 favored high oxygenate 
yields, but another type of site leading to direct CO dissociation contributed to high hydrocarbon 
selectivity on this catalyst.  The well-reduced Co
0
 sites of CuCo/SiO2 bound CO more strongly, 
leading to increased probability of CO adsorbed associatively and dissociatively at the same type 
of site.  Consequently, ethanol selectivity was higher on this catalyst. 
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Chapter 5:  Effect of Sn Addition on Cu/SiO2, Co/SiO2, and CuCo/SiO2 Catalysts for CO 
Hydrogenation to Ethanol and Higher Alcohols 
 
5.1. Introduction 
Sn has been incorporated into various metal catalysts as a promoter for the selective 
hydrogenation or hydrogenolysis of unsaturated aldehydes and esters 
1-6
.  Sn addition increases 
selectivity for C=O bond hydrogenation to yield unsaturated alcohols, over the 
thermodynamically favored C=C hydrogenation to yield saturated compounds.  This effect has 
two possible origins:  interaction of the O atom of the C=O bond with ionic (Lewis acid) sites of 
the promoter 
2-4
, or enhanced C=O adsorption due to increased electron density on the transition 
metal from interaction with Sn 
1,6,7
.   
CO hydrogenation can also yield alcohols selectively.  Over the widely studied copper-
cobalt bimetallic catalysts 
8-17
, ethanol production depends on the atomic-level proximity of CHx 
species, formed from dissociated CO,  and  associatively adsorbed CO.  Insertion of adsorbed 
CO into surface CHx species leads to ethanol 
18,19
. 
 The effect of Sn addition on CO adsorption by copper-cobalt catalysts is not, to our 
knowledge, reported in the literature.  However, application of diffuse reflectance infrared 
Fourier transform spectroscopy (DRIFTS) to CO adsorbed on Ru-Sn catalysts showed that the 
Sn/(Ru + Sn) ratio influenced the position and stability of infrared bands 
20
.  The addition of Sn 
created a new type of Ru
δ+
 adsorption center and increased the stability of linearly adsorbed CO-
Ru
0
 species.  In another study, density functional theory (DFT) calculations 
21
 on copper and 
copper-tin alloy surfaces predicted stronger CO binding on Cu-terminated CuSn(0001) than on 
Cu(111).  This was largely attributed to the expansive strain on Cu from alloying with Sn.  CO 
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adsorption studies more directly applicable to Sn promotion of copper-cobalt catalysts are 
currently unavailable. 
 The objectives of the present work are (i) to study whether the promoting effect of Sn on 
C=O bond activation in aldehydes and esters also applies to CO adsorption on copper and cobalt, 
and (ii) to determine whether Sn increases the selectivity of Cu- and Co- based catalysts to 
ethanol and higher alcohols during CO hydrogenation. 
5.2. Materials and Methods 
5.2.1. Catalyst Preparation 
 The preparation of Cu/SiO2, Co/SiO2, and CuCo/SiO2 has been described elsewhere 
22
.  
Briefly, these catalysts were prepared by impregnation or coimpregnation of nitrate salts, 
followed by drying at about 100°C and calcination at 500°C.  To prepare the corresponding Sn-
promoted catalysts, the active metal nitrate precursors were deposited on the support by 
impregnation (CuSn/SiO2, CoSn/SiO2) or coimpregnation (CuCoSn/SiO2 ) with an aqueous 
nitrate solution.  After drying at 100-105°C, a second impregnation was done with 
Sn(OOCCH3)2 in an aqueous solution containing a small amount of acetic acid.  The catalysts 
were again dried overnight at 100-105°C, then calcined at 500°C for two hours in stagnant air.   
5.2.2. Catalyst Characterization 
The bulk compositions were obtained by ICP-OES, which was performed using a Perkin 
Elmer 2000 DV ICP-optical emission spectrometer. 
 Catalyst surface areas were determined by flow BET in an Altamira AMI-200 unit.  The 
catalyst (about 40 mg) was first dried in 30 sccm He at 150°C for 30 min.  N2 concentrations of 
10%, 20%, and 30% in a He carrier were used for adsorption at liquid nitrogen temperature. 
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 Temperature programmed reduction (TPR) was carried out on 45 mg of sample in an 
Altamira AMI-200 unit.  After drying at 120°C in 30 sccm He for 100 min, the bed was cooled 
to room temperature.  The atmosphere was changed to 30 sccm 10% H2/Ar and the temperature 
ramped to 750°C at 10°C/min.  A thermal conductivity detector (TCD), calibrated for 
quantitative analysis by TPR of Ag2O, was used to evaluate H2 consumption. 
 X-ray absorption near edge structure (XANES) spectra were collected at the Co K-edge 
of CoSn/SiO2 and CuCoSn/SiO2.  Measurements were conducted at the Double Crystal 
Monochromator (DCM) beamline at the LSU J. Bennett Johnston, Sr., Center for Advanced 
Microstructures and Devices (CAMD) in Baton Rouge, LA.  The scan parameters were as 
follows:  1 eV steps from -50 to -15 eV relative to the edge, 0.5 eV steps from -15 to 50 eV, and 
1 eV steps from 50 eV to 100 eV.  An integration time of 1 s was allowed at each step.  The K-
edge spectrum of a cobalt foil was measured simultaneously with the sample.  The maximum in 
the first derivative of this spectrum was shifted to the literature value of the Co K-edge energy 
(7709 eV) 
23
, and the corresponding sample spectrum was calibrated accordingly.  The spectra 
were then normalized and analyzed by linear combination fitting (LCF) of their derivatives in 
Athena (v. 0.8.056) 
24
.  Co3O4 and CoO were used as standards for LCF. 
 In situ X-ray diffraction, used to characterize reduction of the catalysts, was carried out at 
the Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge, TN.  
The diffractometer was a PANalytical X’Pert Pro MPD equipped with an Anton Paar XRK900 
reaction chamber.  The sample was exposed to 4% H2/He flow at temperatures selected on the 
basis of TPR.  Using Cu Kα radiation, XRD patterns were collected at a scan speed of 
0.030384°/s with a step size of 0.017°. 
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5.2.3. In situ DRIFTS 
 Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) characterization 
was done in a Thermo Scientific Nicolet 6700 spectrometer equipped with a Harrick Praying 
Mantis reaction chamber and a mercury cadmium telluride (MCT-A) detector.  The catalyst (25-
30 mg) was first reduced in situ in 40 sccm 10% H2/He at 400°C (unless otherwise specified) for 
1 h.  The system was then purged with 40 sccm He at 400°C for 1 h.  Background spectra were 
collected at 400°C, 300°C, 200°C, 100°C, and room temperature in 40 sccm He.  From this 
point, one of two experiments was conducted:  
(1) CO adsorption/desorption.  To the 40 sccm of He already flowing, 10 sccm 5% 
CO/He were added.  Spectra were collected in the presence of CO and also after 
stopping the 5% CO/He, with continuing He flow, at room temperature.  Spectra were 
also taken in He at 100°C, 200°C, 300°C, and 400°C. 
(2) CO hydrogenation.  To the 40 sccm of He already flowing, 10 sccm 5% CO/He and 
10 sccm 10% H2/He were added.  Spectra were collected in this gas composition at 
room temperature and at elevated temperatures. 
All the DRIFTS experiments were carried out at atmospheric pressure.  Each spectrum was taken 
as an average of 64 scans, at a resolution of 4 cm
-1
.  Each of the gases was fitted with an in-line 
trap (Alltech) for the removal of water, oxygen, and hydrocarbons. 
5.2.4. Catalytic Reaction 
 Catalytic tests were conducted in an Altamira AMI-200R-HP system.  The catalyst 
sample, weighing 150 mg, was loaded into a 1/4” glass-lined reactor tube and reduced at 400°C 
for one hour in H2/He.  The data reported here were collected at a pressure of 10 bar, reaction 
temperature of 300°C, gas hourly space velocity of 24,000 scc/h/gcat, and H2/CO = 2. 
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 Product samples were analyzed online by a Shimadzu GC-2014 gas chromatograph.  
Hydrocarbons and oxygenates were separated on a Restek Rt-Q-BOND column (25 m × 0.53 
mm × 20 μm) and analyzed by a flame ionization detector (FID).  CO and CO2 were analyzed by 
TCD using He as a carrier.   
5.3. Results and Discussion 
5.3.1. Composition and Surface Area 
 The actual bulk compositions of the Sn-promoted catalysts, determined by ICP-OES, are 
shown in Table 5.1, along with the BET surface areas.  The surface areas are in the range 250-
270 m
2
/g, consistent with those of the unpromoted catalysts 
22
. 
 
Table 5.1.  BET surface areas and ICP-OES compositions of the Sn-promoted catalysts. 
Catalyst SBET (m
2
/g) Composition (wt%) 
Co Cu Sn 
CuSn/SiO2 252 ± 9 -- 3.29 ± 0.01 2.89 ± 0.25 
CoSn/SiO2 262 ± 14 2.99 ± 0.05 -- 2.83 ± 0.04 
CuCoSn/SiO2 250 ± 3 3.04 ± 0.14 3.36 ± 0.10 2.80 ± 0.03 
 
5.3.2. Temperature Programmed Reduction (TPR) 
Figure 5.1 shows TPR results for the Sn-promoted and unpromoted catalysts.  The 
reduction behavior of the unpromoted catalysts has been explained previously 
22
.  In Co/SiO2 and 
CuCo/SiO2, Co3O4 reduces to Co
0
 via a CoO intermediate.  Both reduction steps are catalyzed by 
copper, particularly the CoO  Co0 step, such that reduction of all copper and cobalt oxides is 
essentially simultaneous on CuCo/SiO2.  Reduction of bulk crystalline CuO occurs at about the 
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same temperature (220°C) on both Cu/SiO2 and CuCo/SiO2.  However, the small shoulder on the 
low temperature side of the profile for CuCo/SiO2 is due to the reduction of a fraction of CuO 
that is noncrystalline 
22
.  This is supported by XRD, in which CuO becomes less crystalline upon 
cobalt addition, and by in situ XANES, in which CuO begins reducing to Cu2O below 200°C in 
CuCo/SiO2 
22
.   
 
 
Figure 5.1.  TPR profiles of Sn-promoted and unpromoted CuCo/SiO2, Cu/SiO2, and Co/SiO2. 
 
The addition of Sn increases the reducibility of copper phases.  CuCoSn/SiO2 and 
CuSn/SiO2 each show a major reduction peak at about 190°C, below the reduction temperature 
of crystalline CuO and aligning with the shoulder previously attributed to noncrystalline CuO 
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reduction in CuCo/SiO2.  This suggests that CuO in CuSn/SiO2 and CuCoSn/SiO2 is 
noncrystalline or weakly crystalline.   
On the other hand, Sn addition decreases the reducibility of cobalt species in Co/SiO2.  
Notably, the feature at around 300°C, corresponding to reduction of Co3O4 to CoO, is less 
intense in the Sn-promoted sample.  Since the cobalt loading is the same in both catalysts (2.99 
wt%), this implies that the remaining cobalt is in a separate, less reducible phase, such as the 
cobalt-tin mixed metal oxide, Co2SnO4.  The three overlapping peaks between 400°C and 700°C 
can then be assigned to reduction of CoO originating from Co3O4, reduction of CoO originating 
from Co2SnO4, and reduction to SnO of SnO2 originating from Co2SnO4, in that order.   
 On CuCoSn/SiO2, reduction of cobalt species takes place at a higher temperature (about 
260°C) than reduction of CuO, which means the contact between copper and cobalt phases is less 
intimate than in CuCo/SiO2.  However, the copper-cobalt interaction is still sufficiently close to 
increase the reducibility of Co
2+
 species with respect to both Co/SiO2 and CoSn/SiO2. 
The quantitative hydrogen consumption of each Sn-containing catalyst is listed in Table 
5.2.  The actual H2 consumption by CuSn/SiO2 is nearly twice that required for reduction of CuO 
alone.  If reduction of SnO2 to Sn
0
 is also considered, the expected H2 consumption for 
CuSn/SiO2 becomes 0.90 mmol/g, in better agreement with the observed value.  This suggests 
the high temperature tail on the CuSn/SiO2 profile is due to reduction of Sn species.  Without 
copper promotion, SnO2 supported on SiO2 reduces between 600 and 700°C 
25
.  The H2 
consumption by CuCoSn/SiO2 is also higher than necessary for complete reduction of CuO and 
Co3O4, and reduction of Sn species on this catalyst is also probable.  CoSn/SiO2 consumes the 
amount of H2 expected to reduce Co3O4 to Co
0
, but assuming the presence of Co2SnO4 also leads 
to a calculated H2 consumption (0.74 mmol/g) within the experimental error.  It is unlikely that 
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Sn species reduce fully to Sn
0
 on this catalyst, suggesting that the presence of Cu
0
 is necessary to 
promote reduction of tin oxides.   
 
Table 5.2.  Quantitative H2 consumption by the Sn-promoted catalysts during TPR. 
Catalyst 
H2 Consumption 
(mmol/g) 
Expected H2 
consumption
a
 (mmol/g) 
CuSn/SiO2 0.97 ± 0.10 0.52 
CoSn/SiO2 0.68 ± 0.20 0.68 
CuCoSn/SiO2 1.50 ± 0.25 1.22 
a
H2 consumption required for complete reduction of Co3O4 and CuO to the respective metals. 
 
5.3.3. X-ray Absorption Near Edge Structure (XANES) 
 Confirmation that Co3O4 is not the unique cobalt phase in calcined CoSn/SiO2 comes 
from the Co K-edge XANES measurement on this catalyst, shown in Figure 5.2.  The spectrum 
of CoSn/SiO2 resembles that of Co3O4, except for a prominent shoulder on the low-energy side 
of the white line.  This shoulder is at the position of the CoO white line (about 7725 eV) and 
might originate from Co
2+
 species.  However, a linear combination fit using Co3O4 and CoO as 
standards does not yield a satisfactory fit to the spectrum of CoSn/SiO2.  Therefore, the most 
likely explanation seems to be the incorporation of some cobalt into a mixed metal oxide with tin 
(the spinel Co2SnO4, in which cobalt is divalent and tin is tetravalent).  The same is true for 
CuCoSn/SiO2, whose XANES spectrum (not shown) is similar to that of CoSn/SiO2. 
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Figure 5.2.  Co K-edge spectrum of CoSn/SiO2, together with spectra of Co3O4 and CoO 
standards.  A linear combination fit of the CoSn/SiO2 spectrum to the standards is also shown for 
reference. 
 
5.3.4. In situ X-ray Diffraction (XRD) 
The XRD patterns of the Sn-promoted catalysts are shown in Figures 5.3-5.5.  The XRD 
peaks representing copper and cobalt phases in all the Sn-promoted catalysts are quite broad, 
similar to the feature at 2θ = 20°-30° corresponding to weakly ordered SiO2.  Concerning the 
copper phases, this is consistent with TPR results showing that Sn addition decreases the 
crystallinity and increases the dispersion.  The CuO, and eventually Cu
0, “crystallites” in 
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CuSn/SiO2 have diameters <4 nm based on the Scherrer equation.  In the Sn-free catalysts, the 
CuO crystallite diameters range from about 20 nm (CuCo/SiO2) to 25 nm (Cu/SiO2) 
22
.  Sn 
addition also increases the dispersion of the cobalt phases.  In CoSn/SiO2, Co3O4 crystallites are 
5-7 nm, and Co
0
 crystallites, when they form, are 3-5 nm in size.  On the other hand, Co3O4 
crystallites are 11-16 nm in diameter in Co/SiO2 and CuCo/SiO2.  In CuCoSn/SiO2, the peaks 
broaden to such an extent that there is overlap even between copper and cobalt oxides.  Clearly, 
Sn addition promotes the dispersion of the active metals.   
The Sn itself is also highly dispersed, as peaks corresponding to Sn phases cannot be 
uniquely and unambiguously identified from the XRD patterns.  However, SnO2 has intense lines 
near 26.7° and 34.1° 
25-28
 and might contribute to the broad oxide peaks below 2θ = 40° in 
CuSn/SiO2.  Similarly, Co2SnO4 has a reflection near 34.6° 
29
 and may contribute to the oxide 
peaks in the CoSn/SiO2 and CuCoSn/SiO2 patterns.  However, when these phases reduce, no 
peak appears at 32.0°, corresponding to Sn
0
 
25
. 
Figure 5.3 shows that the CuO initially present in CuSn/SiO2 reduces to Cu
0
 at 200°C.  In 
agreement with TPR, the signal at low 2θ value (probably corresponding to a tin oxide phase) is 
the last to disappear.  Reduction is mostly complete by 250°C.  Above this temperature metallic 
copper slowly crystallizes. 
 Figure 5.4 shows an initial Co3O4 phase in CoSn/SiO2 transforming to CoO at 275°C.  At 
about 450°C, CoO begins reducing to Co0, coinciding with the onset of the second TPR peak.  
From XRD, CoO reduction continues through 500°C.  This suggests that the CoO originating 
from Co2SnO4 is highly dispersed and barely detectable by XRD, since reduction of this species 
continues beyond 550°C in TPR.  Slow crystallization of Co0 occurs up to 700°C.   
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Figure 5.3.  Selected XRD patterns during reduction of CuSn/SiO2 in 4% H2/He at different 
temperatures. 
 
 
Figure 5.4.  Selected XRD patterns during reduction of CoSn/SiO2 in 4% H2/He at different 
temperatures. 
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Figure 5.5 shows that CuO and Co3O4 are initially present in CuCoSn/SiO2.  As the 
temperature increases, Cu
0
 appears at 200°C, while some Co3O4 and Sn-containing phase(s) 
remain.  These are largely reduced by 250°C, beyond which only Cu0 and Co0 are visible by 
XRD. 
 
 
Figure 5.5.  Selected XRD patterns during reduction of CuCoSn/SiO2 in 4% H2/He at different 
temperatures. 
 
5.3.5. In situ DRIFTS 
5.3.5.1. CuSn/SiO2 
Figure 5.6 presents DRIFTS results during CO hydrogenation at 1 atm on CuSn/SiO2.  In 
general, three distinct peaks can be recognized near 2140 cm
-1
, 2130 cm
-1
, and 2110 cm
-1
.  They 
will be referenced as peaks A, B, and C, respectively. 
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Figure 5.6.  Selected DRIFTS spectra of CuSn/SiO2 under H2/CO/He flow at 1 atm and the 
temperatures indicated at the right.  The order of collection was from bottom to top.  Spectra 
labeled as (2) were collected during cooling to room temperature. 
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As CO and H2 are introduced at room temperature, a broad band develops at around 2120 
cm
-1
 and encompasses the entire region occupied by peaks A, B, and C.  At 100°C, a shoulder 
develops at the position of peak A.  At 200°C, the intensity of all the peaks decreases, but peak A 
is the most prominent.  With time, the initial peak at position A decreases in intensity, while the 
low-frequency tail strengthens at position C, and between them a hump develops at position B.  
Figure 5.7 shows the phenomena occurring at 200°C in greater detail.  At 300°C, the main 
component remaining is peak B, though its intensity is low; the shoulder at position C is very 
weak.  At 400°C, all peaks are removed.  
 
Figure 5.7.  DRIFTS spectra of CuSn/SiO2 during CO hydrogenation at 1 atm and 200°C.  
Spectra are shown in chronological order as black transforming to red. 
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On the same sample, the above temperatures were repeated in decreasing order to 
investigate the reversibility of the observed phenomena.  At 300°C, peak B reappears, but at even 
lower intensity.  At 200°C, only peaks B and C are observed.  At 100°C, peak C decreases in 
intensity while that of peak B increases.  With time, peaks B and C merge and grow; ultimately, 
a shoulder also appears at position A.  At room temperature, a broad, intense band at 2120 cm
-1
, 
similar to the one seen previously at room temperature, is observed.   
Spectra during CO adsorption/desorption are shown in Figure 5.8.  CO adsorption at 
room temperature produces a peak at position B, which shifts to 2122 cm
-1
 with increasing  
 
Figure 5.8.  DRIFTS spectra during CO adsorption at room temperature on CuSn/SiO2, followed 
by room temperature He flushing and heating in He to 100°C, 200°C, and 300°C (three bottom 
spectra).  Spectra are in chronological order from top to bottom. 
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exposure time.  He flushing decreases the intensity of this peak and returns its center to position 
B.  Upon heating to 100°C and 200°C, the peak intensity progressively reduces, but the main 
component in both cases is at A, with a shoulder or tail through B.  At 300°C, barely any 
adsorbed CO remains on the surface, except for a very small amount at position B. 
Comparing the different sets of spectra in Figures 5.6-5.8 shows that: 
(1)  The species responsible for peak A, if already adsorbed at lower temperature, survives 
up to 200°C both in H2/CO/He atmosphere and under He desorbing conditions.  
However, species A does not adsorb at 200°C during the cooling segment of the CO 
hydrogenation experiment (Figure 5.6). 
(2)  The decreasing intensity of peak A at 200°C in Figure 5.7, accompanied by an increase 
in the intensity of peak C, might suggest that “A” species are transforming to “C” 
species.  For example, peak A could arise from multiply populated sites and peak C from 
the same type of site with only one CO adsorbed.  In this view, the opposing trends in 
intensity result from desorption of some of the “extra” CO ligands (species A), leaving 
behind single CO molecules (species C).  However, in the CO adsorption/desorption 
experiment, only “A” and “B” species remain at 200°C, and show uniformly decreasing 
intensity with no peak appearing at C.   
(3) Species C is the most easily desorbed in the absence of CO flow; there is no infrared 
absorption at this position at temperatures > 100°C.  In the presence of H2/CO, however, 
a small amount of species C is present up to 300°C, and peak A is the first to disappear.  
On CuSn/SiO2, species C is stabilized by the presence of CO. 
Next, we consider possible assignments for each peak according to the literature. 
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Peak A (2140 cm
-1
):   
Peaks in the vicinity of 2140 cm
-1
 are sometimes attributed to CO adsorbed on Cu
2+
 ions 
30
, but usually this species absorbs at wavenumbers higher than about 2150 cm
-1
 
31-34
.  CO is also 
reported to be weakly bound on Cu
2+
 and to desorb into flowing inert at 27°C 35.  Because peak 
A is the main component during desorption in He at 100°C in the present work, CO on Cu2+ can 
be ruled out as the origin of this peak.  Furthermore, reduction at 400°C should suffice to reduce 
Cu
2+
 entirely to Cu
0
 (this is confirmed by TPR, which shows a maximum at about 190°C, and by 
in-situ XRD).   
On the other hand, de Jong et al. 
36
 proposed that a peak at 2139 cm
-1
 might be due to CO 
adsorbed on small metallic particles of high curvature that expose a large number of protruding 
atoms or small clusters.  This assignment for peak A would be consistent with in-situ XRD, 
which shows very broad, weakly crystalline peaks for Cu
0
 in CuSn/SiO2 after reduction at 
400°C.  Furthermore, peak A is absent from DRIFTS spectra after CO adsorption on a highly 
crystalline, Sn-free Cu/SiO2 catalyst.   
The latter point also suggests a possible alternative explanation for the peak at position 
A—that it could be due to CO adsorption on a copper species interacting with tin.  For example, 
the DFT study of Gokhale et al.
21
 showed that a copper terminated CuSn alloy adsorbed CO with 
a higher binding energy than did Cu(111).  They ascribed the strengthening of the CO adsorption 
bond to increased electron donation from CO to the copper surface due to surface strain from tin 
alloying.  An increase in electron donation to the surface would be expected to shift the 
absorption toward higher frequencies, consistent with the position of peak A.  Thus, peak A 
could plausibly be due to CO adsorbed on copper sites at the surface of a copper-tin alloy. 
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Peak B (2130 cm
-1
):   
 Peaks near 2130 cm
-1
 are usually assigned to CO linearly adsorbed on Cu
+
 ions when the 
species is stable to evacuation, flushing, or heating 
32,34,35,37,38
.  Again, all copper is expected to 
be metallic after reduction at 400°C, so CO adsorbed on bulk Cu2O is unlikely to be responsible 
for this peak.  It is plausible, however, that peak B results from CO adsorption on copper having 
a slight positive charge due to interaction with oxygen atoms or hydroxyl groups at the support 
interface 
39,40
.   
 On Sn-free Cu/SiO2 and CuCo/SiO2, peak B is the only absorption resulting from CO 
adsorption on copper; peaks A and C are not observed 
41
.  On these catalysts, the peak vanishes 
near 200°C under both adsorption/desorption and CO hydrogenation conditions. 
 On all these catalysts, a band at about 1630 cm
-1
, corresponding to the bending vibration 
of molecular water 
42,43
, is consistently detected upon CO admission at room temperature.  The 
disruption of surface OH groups by adsorbing CO, forming some molecular water and locally 
oxidized surface sites, could account for the position of peak B.  This process would be roughly 
analogous to the “CO-induced oxidative disruption” observed on ruthenium catalysts 44.  
Therefore, we assign peak B to CO adsorbed on copper interacting with hydroxyl groups or at 
the support interface. 
Peak C (2110 cm
-1
):   
Bands in the range 2100-2110 cm
-1
 are typical of CO adsorption on well-reduced copper 
catalysts 
30,45
, particularly ones with extended stepped surfaces 
36,39
.  It is therefore conceivable 
that peak C might arise from CO adsorbed on high-index Cu
0
 planes.  On the other hand, peak C 
might be due to an alternate type of Cu-Sn interaction—for example, copper particles decorated 
(but not covered) by Sn species.   
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 Assuming peaks A and C are due to the two above-mentioned types of copper-tin 
interactions, the results of Figures 5.6-5.8 may be interpreted as follows.  At room temperature, 
in CO/He or H2/CO/He, all three types of sites (depicted schematically in Figure 5.9) are present 
and occupied.  Under H2/CO/He during heating at 200°C, tin begins to segregate to the surface 
of a copper-tin alloy, resulting in a transfer of intensity from peak A (due to the alloy) to peak C 
(due to Sn-decorated copper).  The reason no such transfer is observed in the case of He 
desorption at 200°C (Figure 5.8) could be that CO has already desorbed from the copper sites in 
question and no gas phase CO is available to repopulate them.  The initial decrease in peak C 
during cooling at 100°C (Figure 5.6) could be due to the loss of some of these sites as Sn atoms 
migrate back to their original, subsurface locations.  Consistent with this view, peak A is the last 
to appear during this step.  The driving force for the reconstruction would be the stabilization of 
CO on the surface.  Though we have no direct evidence for the postulated reconstruction, it 
would provide a consistent, unified explanation for the data in this study.   
 
 
Figure 5.9.  Postulated sites to account for peaks at 2140 cm
-1
, 2130 cm
-1
, and 2110 cm
-1
 during 
CO adsorption/desorption and CO/H2/He flow on CuSn/SiO2. 
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5.3.5.2. CuCoSn/SiO2 
Figure 5.10 shows selected DRIFTS spectra during CO hydrogenation on CuCoSn/SiO2 
at atmospheric pressure.  The spectra at room temperature and 100°C are similar to the ones on 
CuSn/SiO2 at the same temperatures.  There is no maximum from CO adsorbed on cobalt at the 
first two temperatures.  At 200°C, CO mainly occupies “A” sites on copper, in keeping with the 
nomenclature used for the peaks on CuSn/SiO2.  At 300°C, the copper peak shifts from position 
A to position B.  At 400°C, the CO-copper peak disappears, returning upon cooling again to 
300°C. This peak at B is difficult to remove by hydrogenation when CO flow is stopped.   
Figure 5.11 shows results of CO adsorption/desorption on CuCoSn/SiO2.  In CO flow and 
during He flushing at room temperature, a broad peak spans regions A, B, and C.  In flowing He 
at 100°C, peak A dominates, with a tail through B and a shoulder at C.  Peak A again dominates 
at 200°C.  At 300°C, there is a very slight peak at B. 
The main difference in the DRIFTS spectra between CuSn/SiO2 and CuCoSn/SiO2, so far 
as CO adsorption on copper is concerned, is that the growth of peak C at the expense of peak A 
(Figure 5.7, CO hydrogenation) does not occur on CuCoSn/SiO2.  The stabilization of species C 
under H2/CO/He flow is not favored when cobalt is present.  It could be that Sn
0
 helps to 
stabilize this species, but the close interaction between Co
0
 and Sn
0
 interferes with this effect on 
CuCoSn/SiO2.  
Only peaks corresponding to CO adsorbed on copper, but none in the region of CO on 
cobalt, are observed after the initial CO exposure at room temperature in either Figure 5.10 
(hydrogenation) or Figure 5.11 (adsorption/desorption).  Upon continuation of CO hydrogenation  
99 
 
 
Figure 5.10.  Selected DRIFTS spectra of CuCoSn/SiO2 under H2/CO/He flow (except where 
H2/He flow is noted) at 1 atm and the temperatures indicated at the right.  The order of collection 
was from bottom to top. 
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Figure 5.11.  DRIFTS spectra during CO adsorption at room temperature on CuCoSn/SiO2, 
followed by room temperature He flushing and heating in He to 100°C, 200°C, and 300°C.  
Spectra are in chronological order from top to bottom. 
 
(Figure 5.10), peaks for CO adsorbed on cobalt emerge at 200°C.  Initially, a peak at 1985 cm-1 
is flanked by a shoulder at 2015-2020 cm
-1
.  With increasing coverage, the main peak shifts from 
1985 cm
-1
 to 2017 cm
-1
, obscuring the shoulder, and a tail develops on the low frequency side.   
At 300°C, the most intense absorption shifts to 2003 cm-1, and a shoulder becomes visible at 
about 1985 cm
-1
.  At 400°C, the CO-cobalt band is reduced to a single component at 1989 cm-1. 
Upon returning to 300°C, the peak near 2000 cm-1 and shoulder at 1985 cm-1 are restored.  CO 
flow is then removed and the experiment continued at 300°C under H2/He.  Within a few 
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minutes, the peak near 2000 cm
-1
 disappears, but the low frequency component resists 
hydrogenation; traces of this peak are still observed after more than three hours.   
When the sample is returned to room temperature, and CO is again introduced, the first 
adsorption occurs on copper at position C, with a shoulder at B. With time, a broad adsorption 
band develops, spanning regions A, B, and C.  This time, a CO-cobalt peak is also observed, 
shifting from about 2030 cm
-1
 to 2055 cm
-1
 with time. 
The main CO-cobalt peak appears in a frequency range (about 2000 cm
-1
 to 2055 cm
-1
, 
depending on the coverage and temperature) characteristic of CO linearly adsorbed on Co
0
 sites 
46-52
.  The shift to higher frequency with increasing peak intensity at 200°C is also expected of 
this species, due to electron-withdrawing effects from the increasing adsorbate population.  This 
suggests that the Co
0
 particles, though well dispersed, are not so small as to prohibit adsorption 
of CO molecules on adjacent metallic cobalt sites.   
CO hydrogenation on CuCo/SiO2 also gives a peak in the frequency window for linearly 
adsorbed CO on Co
0
 
41
, but at consistently higher frequency than the peak from CuCoSn/SiO2.  
This suggests that CO binding to Co
0
 is stronger on the Sn-containing catalyst.   
With increasing temperature, the amount of CO adsorbed (judged by the peak area), first 
increases from zero at room temperature and 100°C, to a pronounced peak at 200°C and a 
maximum at 300°C before decreasing at 400°C.  The temperature dependence of the quantity of 
CO adsorbed suggests that chemisorption is activated on the Co
0
 surface.   
Increasing the temperature from 200°C to 300°C shifts the peak to lower frequency, 
despite the increasing intensity, which would tend to shift the maximum in the opposite 
direction.  This can be explained on the basis of two competing phenomena, one kinetic and one 
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thermodynamic.  Increasing temperature activates CO chemisorption but also destabilizes CO on 
sites where binding is weaker.   
A peak due to linearly adsorbed CO appears during the final exposure to H2/CO/He at 
room temperature, whereas none exists during the initial exposure at room temperature.  This 
suggests that the intervening treatments lower the activation barrier for CO adsorption on Co
0
, or 
create new adsorption sites. 
The secondary peak or shoulder at 1985-1990 cm
-1
 is especially stable.  It remains after 
increasing the temperature to 400°C and resists hydrogenation when CO is removed from the gas 
phase at 300°C.  By analogy to results on RuSn and PdSn catalysts 6,20, this low-frequency peak 
could arise from linear CO on Co
0
 electronically enriched by interaction with tin. 
5.3.5.3. CoSn/SiO2 
After reduction of CoSn/SiO2 at 400°C, the DRIFTS spectra during CO hydrogenation 
contain no clear peaks at any temperature.   To test whether the absence of Co
0
 is responsible for 
the lack of adsorption, CO hydrogenation was performed again after reduction at 500°C (spectra 
shown in Figure 5.12).   The only peak observed has weak intensity and is seen after the sample 
has been exposed to syngas at high temperature and cooled again to room temperature.  Flushing 
away the gas phase CO reveals the peak at 2080 cm
-1
, a position characteristic of linear CO on 
Co
δ+
 sites.  This species usually absorbs at frequencies at or above 2050 cm
-1
 
46,53-57
.   
5.3.5.4. Comparison of CO Adsorption on Sn-promoted and Unpromoted Catalysts 
The infrared absorption intensity is much higher on Sn-promoted Cu/SiO2 and 
CuCo/SiO2 than on the Sn-free catalysts submitted to similar experiments.  This is true of the CO 
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Figure 5.12.  Selected DRIFTS spectra of CoSn/SiO2 under H2/CO flow at 1 atm and the 
temperatures indicated at the right.  The order of collection was from bottom to top.  The catalyst 
was reduced at 500°C prior to the experiment. 
 
adsorbed on both copper and cobalt sites (as shown in Figure 5.13, which compares CO 
hydrogenation on CuCo/SiO2 and CuCoSn/SiO2 at room temperature and 300°C).  The increase 
in CO adsorption capacity would be expected based on the increase in dispersion induced by Sn.  
By contrast, Sn addition does not increase the intensity of the CO peak on CoSn/SiO2, because of 
the difficulty of cobalt reduction. 
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Figure 5.13.  DRIFTS spectra on CuCo/SiO2 and CuCoSn/SiO2 under H2/CO/He flow at room 
temperature and 300°C. 
 
5.3.6. Catalytic Reaction 
The results of CO hydrogenation on tin-promoted and unpromoted catalysts are shown in 
Table 5.3.  CoSn/SiO2 (not shown) is almost completely inactive.  This is unsurprising, since 
reduction at 400°C fails to produce any metallic cobalt.  CuSn/SiO2 also gives a very low 
conversion.  It has much higher CO2 selectivity than any of the other catalysts, consistent with 
reports that Sn can increase water-gas shift activity when added to Group IB metal catalysts 
21,58
.  
This may be related to species C, located at 2110 cm
-1
 in the DRIFTS spectrum.  The thermal 
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stabilization of this species is a phenomenon peculiar to this catalyst.  Other than CO2, 
CuSn/SiO2 produces only methanol, methane, and trace amounts of ethane.  The chain growth 
selectivity of this catalyst is not significant.  
 
Table 5.3.  Carbon selectivities (%) and CO conversions (%) from GC-FID analysis of reaction 
products
a
.   
 
CO2 MeOH EtOH 
C2+ 
Oxygenates 
CH4 
C2+ 
Hydrocarbons 
CO Conversion 
Cu/SiO2 3.6 14.5 6.9 0.2 46.6 28.2 0.12 
Co/SiO2 1.9 2.6 1.2 0.8 59.1 34.4 12.2 
CuCo/SiO2 2.8 5.2 3.3 1.7 53.5 33.5 0.88 
CuSn/SiO2 43.7 17.2 0 0 32.4 6.7 0.02 
CuCoSn/SiO2 2.9 11.6 6.5 0 58.6 20.4 0.10 
a
Reaction conditions:  P = 10 bar, T = 300°C, H2/CO = 2, GHSV = 24,000 scc/gcat/h.  C2+ 
oxygenates analyzed include acetaldehyde, acetone, i-propanol, n-propanol, i-butanol, and n-
butanol.  C2+ hydrocarbons include ethane, propane, propylene, i-butane, n-butane, and n-hexane. 
 
Compared to its Sn-free counterpart at 300°C, CuCoSn/SiO2 gives higher ethanol 
selectivity but considerably lower conversion.  The performance of CuCoSn/SiO2 closely 
resembles that of Cu/SiO2, albeit with higher methane selectivity and lower C2+ hydrocarbon 
selectivity.  Nevertheless, the cobalt sites of CuCoSn/SiO2 are needed for ethanol formation, 
since CuSn/SiO2 fails to produce any ethanol even though well reduced.  The methane selectivity 
of CuCoSn/SiO2 is closest to that of Co/SiO2.  CuCoSn/SiO2 does not favor the formation of C2+ 
oxygenates other than ethanol.  The selectivity results (increased methane, methanol, and 
ethanol; decreased C2+ hydrocarbons and zero C2+ oxygenates) suggest that the addition of Sn 
strongly inhibits chain growth on cobalt sites.  On this catalyst, the large amount of associatively 
106 
 
adsorbed CO might dilute surface dissociated CO, thereby preventing coupling of CHx species.  
CO insertion into such CHx species, on the other hand, is more probable on the Sn-promoted 
catalyst. 
Highly dispersed, metallic cobalt has previously been found to favor oxygenate 
selectivity while decreasing catalyst activity 
59
.  In CuCoSn/SiO2, cobalt is present in such a state 
and also adsorbs more CO in associative form than does Sn-free CuCo/SiO2.  Because CO is 
adsorbed in large quantities, the low activity of CuCoSn/SiO2 must be related to a reduced 
capability for H2 adsorption, dissociation, or reaction with surface intermediates. 
5.4. Conclusions 
 When added to silica-supported copper, cobalt, and copper-cobalt catalysts, tin acted 
mainly as a dispersing agent.  Tin increased the reducibility of copper oxides and decreased that 
of cobalt oxides.  In CuCoSn/SiO2 , copper acted as a reduction promoter of cobalt.  Due to the 
combined effects of tin and copper, highly dispersed, well-reduced metallic particles were 
produced on CuCoSn/SiO2 upon activation.   
 As a corollary to the increase in dispersion, tin addition greatly increased the amount of 
CO adsorbed on the copper sites of CuSn/SiO2 and on both copper and cobalt sites of 
CuCoSn/SiO2.  The addition of tin also resulted in new types of adsorbed CO, not observed on 
the tin-free catalysts.  Furthermore, the stability of CO on the surface increased. 
 For CO hydrogenation, the addition of tin depressed the overall catalytic activity.  Sn also 
inhibited the Fischer-Tropsch chain growth ability of the reduced cobalt sites of CuCoSn/SiO2 by 
diluting CHx species with associatively adsorbed CO.  This resulted in reduced selectivity to 
higher hydrocarbons compared to CuCo/SiO2.  However, CO insertion became more likely, 
which favored ethanol selectivity. 
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Chapter 6:  Conclusions and Future Work 
 
6.1. Conclusions 
6.1.1. Role of Tin 
 Tin functions as a dispersant for copper and cobalt species.  The increased dispersion in 
turn increases the reducibility of copper and decreases that of cobalt.  On well-reduced catalysts 
(CuSn/SiO2 and CuCoSn/SiO2), the smaller particle size translates into increased CO uptakes.  
With tin addition, new CO species adsorbed on tin-interacting copper sites are observed by 
DRIFTS.  On cobalt, linear CO adsorbs more strongly when tin is present.  In CO hydrogenation, 
tin addition decreases CO conversion and shifts selectivity toward lighter products by depressing 
chain growth of surface hydrocarbons.   
6.1.2. Role of Copper 
 The primary role of copper is to promote cobalt reduction.  An unintended consequence 
is that substantial tin reduction also takes place when copper is present.  The increased degree of 
reduction increases the binding strength of CO to cobalt, which makes associative and 
dissociative CO adsorption more likely to occur at the same cobalt sites.  Thus, ethanol 
selectivity is higher on CuCo/SiO2 than on Co/SiO2.  Copper also suppresses deactivation of 
cobalt sites. 
CO adsorbed on the copper sites tends to desorb below CO hydrogenation temperatures, 
though Sn stabilizes it somewhat.  Moreover, the CO conversions of Cu/SiO2 and CuSn/SiO2 are 
lower than those of the corresponding cobalt-containing catalysts.  These results suggest that 
copper plays a secondary role to cobalt in CO hydrogenation. 
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6.1.3. Role of Cobalt 
Cobalt is the main active component, on which elementary steps such as CO adsorption, 
dissociation, and insertion take place.  Simplified schemes showing the essential structural and 
reductive properties of cobalt, as influenced by the presence of copper and tin, are shown in 
Figure 6.1.  In Co/SiO2, the calcination produces Co3O4 crystallites, which convert to CoO 
during reduction; this intermediate partially reduces to Co
0
 during the typical H2 pretreatment at 
400°C.  Upon addition of tin (CoSn/SiO2 and CuCoSn/SiO2), relatively smaller particles of a 
cobalt-tin mixed spinel phase, Co2SnO4, form in addition to Co3O4.  These highly dispersed 
Co2SnO4 particles show increased stability towards reduction.  In particular, no evidence of 
metallic cobalt is observed after reduction of CoSn/SiO2 at 400°C.  Copper addition (CuCo/SiO2) 
accelerates reduction of Co
2+
 species in particular, such that complete conversion to Co
0
 is 
achieved with the standard pretreatment.  Copper also counteracts the tendency of tin to stabilize 
cobalt against reduction.  The combined effects of copper and tin ensure that cobalt is both well 
reduced and highly dispersed on CuCoSn/SiO2. 
The presence of additives influences the electronic state of cobalt, which in turn affects 
the strength of the cobalt-CO bond (Table 6.1).  For example, weak molecular adsorption of CO 
takes place mainly on Co
δ+
 sites on Co/SiO2.  This catalyst gives high oxygenate yields but low 
selectivity due to the fact that these Co
δ+
 sites are not necessarily in atomic proximity to the sites 
responsible for direct CO dissociation.  CO adsorbs more strongly on the well-reduced Co
0
 sites 
of CuCo/SiO2 and CuCoSn/SiO2.  This alters the balance and proximity between associatively 
and dissociatively adsorbed CO in a way that favors CO insertion and selective formation of 
ethanol.   
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Figure 6.1.  Schemes representing reduction of Co/SiO2, CoSn/SiO2, CuCo/SiO2, and 
CuCoSn/SiO2 (top to bottom).  In each scheme, the calcined state of the catalyst is illustrated at 
the left, and the state after reduction at 400°C is shown at the right.   
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The high dispersion and increased population of linearly adsorbed CO on CuCoSn/SiO2 
tend to isolate dissociated CO from like species; this contributes to increased ethanol selectivity 
and reduced C2+ hydrocarbon selectivity on this catalyst compared to CuCo/SiO2. 
Addition of copper or tin reduces the activity of cobalt for CO hydrogenation.  One 
reason is that Co/SiO2 contains sites capable of direct CO dissociation and very active for 
formation of hydrocarbons; these sites are blocked or prevented from forming by copper and tin.   
 
Table 6.1.  Summary of the effects of copper and tin addition on cobalt dispersion, reducibility, 
and CO adsorption sites. 
Catalyst  Structure after reduction at 400°C  CO adsorption on the active sites 
Co/SiO2  Low dispersion 
Partial reduction to Co
0 
 Linear CO on Co
δ+
 
Dissociated CO on unique Co
0
 sites 
(e.g., coordinatively unsaturated ones) 
CoSn/SiO2  High dispersion 
No reduction to Co
0 
 No CO adsorbed 
CuCo/SiO2  Low dispersion 
Complete reduction to Co
0 
 Linear CO on Co
0 
Dissociated CO on Co
0
  
CuCoSn/SiO2  High dispersion 
Complete reduction to Co
0 
 Linear CO on Co
0 
Dissociated CO on Co
0
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6.2. Future Work 
6.2.1. Optimization of the Catalyst Composition 
Because cobalt is the most active component of the copper-cobalt-tin system, the key to 
boosting activity appears to be raising the proportion of cobalt relative to copper and tin.   The 
composition needs to be chosen so that the high dispersion and reducibility of cobalt are 
maintained.   
The dramatic promotion of reduction by copper causes complete reduction of both cobalt 
and tin in CuCoSn/SiO2.  When copper is excluded (CoSn/SiO2), cobalt and tin are prevented 
from reducing by the strong interaction between them.  This interaction is demonstrated by 
XANES.  Thus, Sn and Co in these catalysts are either totally reduced or totally oxidized.  The 
intended combination of Co
0
 and Sn
δ+
 it seems could not be prepared using these compositions.  
In order to generate these sites, the copper-to-cobalt ratio in CuCoSn/SiO2 could be reduced.    
Tin could also be replaced by other oxophilic promoters that could be expected to 
promote CO dissociation and insertion.  For example, ZrO2 acts as both a rate promoter and a 
chain growth promoter when added to Co/SiO2 Fischer-Tropsch catalysts
1-3
, though in these 
studies, the higher alcohols were not quantified.  However, the use of ZrO2 as a support results in 
increased higher alcohol selectivity compared to such materials as MgO, La2O3, CeO2, and 
TiO2
4,5
.   
6.2.2.  High Pressure Activity, Selectivity, and DRIFTS Studies 
DRIFTS studies conducted at 10 bar would allow for a more direct comparison with the 
activity/selectivity results at the same pressure.  Moreover, the higher pressure might allow for 
the formation of alcohols in quantities detectable by the associated MS.  Correlating this 
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information with the DRIFTS results might provide further insight into the origin of these 
oxygenates.   
The effect of pressure on CO conversion and ethanol selectivity is another potential 
avenue for research.  This and other process variables (space velocity, feed ratio, etc.) need 
further study, particularly for the tin-containing catalysts, which are not well known.   
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Appendix C:  Instrumentation of AMI 200R-HP Reactor and Shimadzu GC-2014 
 
 
Figure C.1.  Piping and instrumentation diagram of the AMI-200R-HP. 
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Figure C.2.  Plumbing diagram of the Shimadzu GC-2014 GC/TCD/FID. 
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Table C.1.  Settings applied to the split/splitless injector (operated in split mode) of the 
Shimadzu GC-2014. 
Temperature 200°C 
Pressure 6.1 psi 
Total Flow 49.7 mL/min 
Column Flow 8.11 mL/min 
Linear Velocity 61.7 cm/s 
Split Ratio 5.0 
 
 
 
Figure C.3.  Timed temperature program for the GC-2014 oven, which houses the Restek Rt
®
-Q-
BOND column (25 m × 0.53 mm × 20 μm), which is connected to the FID. 
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Table C.2.  Detector settings for the Shimadzu GC-2014. 
 FID Left TCD Right TCD 
Temperature 250°C 250°C 250°C 
Sampling Rate 40 msec 240 msec 240 msec 
Current -- 100 mA 40 mA 
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